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ABSTRACT

A program to determine the phenomenological oxidation beohavior of five
commercial nickel-base alloys (IN-100, SM-200, Inco 713C, René 41, and
U-700) and one experimental alloy (René Y) is described to assnre the

intelligent application of these alloys and aid in the developnent of

alloys with improved surface stability.

The oxidation characteristics were established ms a function of alloy
composition, surface preparation, and environmental variables such as
time (8 min to 1000 hrs), temperature (1400 to 2100°F), and aix flow

rate (to 76 ft/sec). The extent of scale and subscale reactions were
measured, the reaction products identified and correlated with morphology,
and the accompanying kinetics of their formation studied.

The oxidation behavior of thaese alloys is complex due to the interplay
between hetorogeneous oxide growth, oxide interaction, oxide volatili~
zation, and spalling. However, the general oxidation behavior is
controlled by the competition between sBcaling and internal oxidation
reactions which could be estimated by thermodynamics. Increased air
flow, thermal cycling, and surfuce deformation generally decreased the
oxidation resistance of the alloys. All the commercial alloys would he
limited to service temperatures below 1800°F due to excessive spalling,
oxide vaporization, or intergranular oxidation. René Y displayed
potential application at temporaturas in excess of 2000°F due tc the
lanthanum induced formation of a protective MnCrgO, spinel oxide.

Higher Al/Cr ratios (lower Cr) and minor additions of ''rare earths' and
Mn were suggested and demonstrated as an effective means of improving the
surface stability of nickel-base alloys,

it
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I INTRODUCTION

The oxidation behavior of a metal or alloy is dependent not only on the
composition of the reactants, but can also be affected by the internal and
surface structure, the state of stress, and even the geometry., The

oxidation process is,in addition, sensitive to the velocity, density,
compositiom, and flow pattern of the oxidizing environment, Oxidation of
even the simplest system is therelfore a complex process which has to be
understood before solutions to practical environmental problems can be
successful, In this respect; materials used in the combusmtion, turbine,

and tailpipe sections of aircraft gas turbine engines aro exposed to

severe environments in which most such components must withstand the combined
offects of stress, high temperature, high velocity combustion products, and
erosion from foreign particles, Gas turbines may also ingest sea water which
can cause hot corrosion (sultidation) of nickel and cobalt~base alloy com-
ponents at temperatures above 1400°F,

The work described here attacks one aspect of the high-temperature corrosion
problem: the oxidation behavior of nickel-base ulloys of the type commonly
used in alroraft gas turbine engines., Consideration is also given to the
effects of alr velocity and surface preparation on the oxidation behavior.
The erosion and hot corrosion problems, although interrelated with oxidation,
are subjectd requiring separato invostigation,

In the past, nickel-base alloy development efforts have been directed toward
improving high-temperature strength and primary or secondary working chara-
octoristios with relatively minor concern for oxidation behavior. Previous
studies at this laboratory‘~2) and elsewhere(®~®) have provided a good besis
for understandine some of the oxidation behavior of commercial nickel-base
alloys. The present program was planned to investigate additional facets of
the high~temperature oxidation problem with the greatest emphasis placed on
galning a deeper understanding of the oxidation mechanisms govorning the
hehavior of the complex nickel-base alloys used in gas turbines. It was

felt that a detailed understanding of the oxidation hehavior of the best
commercial superalloys could be obtained from such a study by correlating

the soaling and subscaling processes with the composition, oxidation kinetics,
and morphology of the resultant oxides. The resultant knowledge will permit
better use of these alloys and provide a useful guide for the design of improved
alloys in the future.

With the exception of the studies by Preece and Lucas'”), relatively feow data
exist in open literature regarding the behavior of superalloy. !n high vuvlocity
combugtion products. Most alloys oxhibit different behavior in high velocity
versus relatively static environmentse, Although these differences in behavior
have been qualitatively obmerved and considered in the selection of alloys for

1
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jet-engine application, the mechanisms through which asuch differences ocour
has not been rigorously studied to date in the gamma prime strengthened
alloys. B8uch studies formed an importunt part of the present work.

It has long been realized that surface preparation can influence oxidation
behavior. However, this effect has been considered to be primarily of
academic interest with no practical implications, Contrary ito this viow,
studies‘®+2-1°) nave indicated significant influence of surface preparation
oti the oxididtion of Ni-Cr»-Al-Ti~Mo-type alloys. Therefore, a third objective
of this work was to cl.i /i, the surface preparation effect.

In summary, the prime objectives of this program were:

(1) Establish the oxidation mechanisms for selected commercial Ni-base
alloys so that the resultant understanding can be used to design
lmpruved compositions and assure the intelligent upplication of
these and similar alloys,

(2) Establish the effects of high velocity natural gas combustion
products and surface preparationon tho oxidation behavior of the
subject nlloys.
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I1 CONCLUSIONS & RECOMMENDATIONS

During this study, five of the most promising commercial nickel-base alloys
(IN-100, SM-200, Inco 713C, René 41, and Udimet 700) and one development
alloy (Renéd Y) werc extensively evaluated to determine the characteristics
of their oxidaticw behavior. The intent of the study was to apply the
resultant understanding ultimately to the application of these alloys and
to the design of alloys with superior surface stability,

The surface and subscale reactions for these alloys were studied in both
static and dynamin stmospheres over the temperature range 1400 to 2100°F
for times of five minutes to 1000 hours. The extunt nf the subacale
reaction processes; internal oxidation and nitrification, y' depletion,
degenerute Yy' formation, and metal loms, were measured, the scale and
subscale reaction products identified, and their kineticas otf formation
studled. The results of the study were derived primarily from the cor-
relation of microstructural features with reaction products, since the
oxidation mechanism proved too complex for a true kinetic evaluation,

Supplementary oxidation studies to determirne the effects of cyclic conditions
and various surface finishes were also conducted,

2.1 Conclusions

The following major conclusions aro cited on the bhasis of the resultas of
this investigation:

(1) The oxldation processes in commercinl nickel-~baso alloys, particularly
those in cast form, are toov complex for a kinetic analysis to dotermine
meaningful activation energies. This complexity 1is a result of

heterogeneous oxide growth, oxide interactions, oxide vaporization,
and spalling,

(2) The weight=-gain ratos are not indicative of the extent or type ot
internal oxidation. However, the converse is true in that the ncture
of the internal oxidation process can alter the scaling behavior and
the resultant weight-gain kinetics.

(3) All commercial alloys except René Y would be limited to service
tomperatures below 1800°F due to excessive apalling, intergranular
oxidation and oxide volatilization at the higher tempnratures, In

comparison, Rond Y shows potential for application at temperatures
in excess of 2000°F,

- —— 1

- -

ey . SXE——

B e i T

[P PR

L, % i Tty AL S A it 2

R T




P N e+ e L

T L

T e e

DTS

)

B N N

4

(8)

(8)
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(8)

(9)

The gonoral oxidation behavior for these alloys is controlled by

the competition between scaling and internal oxidation reactions.

If there 18 seleoctive oxidation of the least noble constituents

into the surface scale, a relatively stable layer will result to
prevent or minimize internal oxidation. If, the least noble con-
stituent doos not form first, internal oxidation of these olements
will ocour by roduction of the more noble surface scale a: the oxide/

metal interface,

The interplay between the scaling and subscaling processes is controlled
by thermodynamics and to some extent can be predicted. For the alloys
studied, the oxidation behavior was primarily a Punction of the Cr, Al,
and Tl concentrations., Based on thelr uffinities for oxygen and the
aotivities of the congtituents in tho alloy, higher Al/Cr ratios are
believed to promote surfuce stability.

The mode of oxidation can vary significantly as a function of
temperature which controls the rate of y' dismsolution and the

Al activity., However, length of exposure at any specific temper-
ature has no apparent effect on the oxidation mode,

Due to the relativoly low activitieos of the loast noblo constituents

in Rend Y (81) and Rend 41 (Al), thesc were tho only alloys whic

suffered intornal oxidation over the entiro rarge of timo und

tompornturo studied. This intornnl oxido growth wus cvontrollod by

0" diftusion for Rend Y and A1*** diffusion for Rend 41. Tho growth of tho
intornal oxide front in thesc alloys displayod parabolic kinotics as

oxprossed by:

£ (Rond 11) = [8.91 x 10° oxp —(“7 000>_|t + 0,30

57 (Roné v) = [8.32 oxp ~ (28R$00>}t + 0.20

Oxidation in high velocity combustion products was moro sovere than in
static air, This is attributed to oxidatiom of Cr;0p presont in tho
seale to tho volatilo Cr0y, yielding a lias protective oxide (NiO),
highor oxidation rate, and a resultant increase in motal consumption,
Howover, tho resistunce to dynamic oxidation environments was not
suloly dependent upon the Cr content of tho alloy but rather the AL/Cr
activity ratio,

Additions of minor amounis of La and Mn to Hastelloy X (Rond Y) markedly
improves the oxide scale adheronce and rosistanco to dynamic environumonts.
The La addition incronsos the activity of Mn and Cr to form o stable
MnCr; O, epinel which minimizes scale volatilization., By cencentrating

in the grain boundary cusps andjacent to tho oxido/metal interface, la
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(10)

(1)

(2)

(3)

1)

3

appears to promote scale adherency interface, through a mechanical
keying effect which minimizes the scale/wetal interfacial shear stress,

The offects of surfuce preparation woere shown to be complex and not
always predictable. In general, however, surface preparation inducod
cold work tends to alter scale/subscale processes, thereby producing
greater intermal oxidation.

Recommenduat ions

To improve the suri{ace stablility of nickel~base alloys und obtain a better
understanding of the reactions involved, the following raecommendations can
he made, basod on the findings of this investigation:

Emphasize the development of nickeol-bage alloys with a higher Al/Cr
ratio, consistent however, with hot corrosion and ductility requirements.

Develop an understanding of the o:.'fects of minor addition olementa*
on the environmental reeistance of high-strength, nickel-base
alloys,

Continue efforts to estublish tho influence of surface deformatlon
on the oxidation of nickel-base anlloys and determine the practical
significanco of those offocts.

Moke more use of the cyclic and hot corrosion tosts to more fully
simulate the surfoco stubility in a gns turbine environment,

*Referr to Group IIB metals, the rare carth metais, thorium and mangancse,
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SECTION III :

EXPERIMENTAL

A literature roview of the oxidation behavior of metals or alloys generally
expose numerous conflicting results. In such a complex phenomenon as oxi-
dation, many of these contlicts can be attributed to differences in
experimental procedure. In those instances where experimental techniques
are thoroughly reported, the cause of the discrepancy is usually apparent,
and infact, results in a better understanding., However, where experimental
techniques are not reported or are obscure, the discrepancies may never be
resolved, It is therefore considered essential that anll experlmental pro-
cedures and techniques used in this investigation be fully described. This
is intended not only to permit confirmation of any portion of these studies,
but also to expomse other factors which may influence the oxidation of these
alloys.

3.1 Materials

3.1,1 Alloy Selection

Nickel-base nlloys were selected for this study which are not only leading
candidates for Jjet-enginc combuution and turbine section applications basecd
upon their strength and oxidation resistance, but which also offor varimbility
in their manner of fabrication, strengthening mechanism, und chemical
composition,

The commercial alloys selected for this program along with a summary of
factors influential in their selection are presented in Table I. The seleoction
has beon made to include a forging ulloy, casting alloys, a high-strength
shoot nlloy, and a lowor strcngth sheet nlloy possessing high oxidatlon
resistance, The following presents a briefl description of each alloy, its
common usuge, and the principal factors in its selection,

Udimat 700 (U-700) represents the highest strength nickel-baso forging

alloy currently available and is generally used for wrought turbine blades
and other camponents requiring supericr clevated temperature strength. This
alloy 18 of the age~hardened type. The predominant stvengthening phase is
gamma prime [Niy (A1,T1)], but stremgthening contributions from solution
strengthening and carbide phases are also important. Constitutionally, the
alloy contains a moderate Cr content, a relatively low Al/Ti ratio, moderate
molybdenum, and the highust cobalt content of the alloys selected.
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IN=-100, SM~200, and Inco 713C represent high strength cast alloys for turbine
blade applications. These alloys are also basically gamma prime (y')
strengthened but differ with respect to solid solution strengthening elements
and carbide formers. 1Inco 713C has a moderate chromium content, whereas
IN-100 and SM-200 have the lowest chromium contents of the alloys selected,
The major ternary consti_.uent in each alloy also differs, being Co for
IN-100, ¥ and Co for SM-200, and Mo and Cb for Inco 713C. Inco 713C has

an Al/Ti ratio of approximately eight, which is the highest of the selected
alloys., Other subtle compositional features of these alloys include small
Zr and B additions. The varlety in chemistry offered by these alloys should
provide an excellent basis for designing oxidation resistant cast alloys for
future applications,

René 41 ropresents the highest atrength sheet alloy available for sheet metal
structural component applications in tne temperature range of 1200-1800°F,
This alloy is also y' and carbide (MC and M;,Cq) strengthened and is unique
with respect to the combination of high Cr, Co, and Mo concentrations and a
relatively low Al/Ti ratio.

Rend Y is a General Electric development alloy strengthened by solid solution
and carbides which possesses excellent oxidation resistance at temperatures to
2200°F, This alloy 418 o modification of Hastelloy X and has relatively low
high-temperature strength., It was primarily developed for combustion liners
and afterburner components which do not require high strength. The unique
compositional features of this alloy include the highest Cr and Fe contents

of the alloys tested, a moderate Mo content, relatively high concentrations

of Mn and S5i, and the addition of lanthanum fer improved oxidation resistance
and scale adherencs.

3.1.2 Alloy Procurement and Characterization

All alloys were procured from commercial sources. For those alloys to be
evaluated extensively, two heats were obtained to determine the heat-to-heat
variations, This factor is particularly important in cast materials where
variations in melting and pouring practices can produce both structural and
compositional differences which may subsequently influence the oxidation
performance. The alloys, their heat numbers, and the form in which they
were procured are given in Table II. The master heat analysis as provided
by the vendor and an independent analysis to check if compositional changes
occurred during the processing of the materials are presented in Table III,
The greatest differences beiween these two analyses iy observed for Al and
Ti. All other elements check well,
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Additional characterization of the alloys is afforded by their mechanical
properties given in Table IV and their microstructures depicted in Figures
1, 2, and 3. Variations in the microstructures are seen to exist between
heats of the same alloy. However, for these studies, the differences in
structure are considered insignificant and reflect the slight variations
normally expected in processing and/or composition,

The cast alloys are characterized by a large grain size (1/32"-1/8") and the
presence of shrinkaze voids. The grain size was found to vary from alloy to
alloy, heat to heat, and in some cases between specimens cut from the same
cast piece, Although shrinkage voids were present in all cast alloys, they
wore most pronounced in IN-100 (Heat 2) and both heats of Inco 713C.

The effects of heat treatment on the oxidation behavior of the alloy is not
being empbasized in this program, Therefore, unless otherwisme specified, all
alloys were evaluated in the normal heat-treatment condition used in service,
(See Table IV),

3.2 Specimen Preparation

All specimens used in these studies were machined from the atarting materials
into the form of thin rectangular coupons, The zoupons were 50 to 60 mils
thick with the exception of those fram Inco 713C which were approximately

120 mi1ls thick. The size of the coupons varied dependent upon the type of
oxidation test to be performed. Continuous weight-gain specimens were

1-1/2 in. X 1/2 in. (area 2« 10 8q. cm.), those to be used for static oxi~
dation tests, thin film studies, and surface preparation effects were 3/4 in.
X 1/2 in. (area ™ 5 sq. cm.), and the dynumic oxidation specimens were 2 in.
X 1/2 in. (area = 13 sq, cm.). After machining, all specimens were reconditioned
to remove tool marks and other imperfections, The specimens were wet abraded
by hand through 600 grit silicon carbide paper. To minimize the tendency
toward oxide spalling at the sharp corners of the specimens, they were
rounded during hand grinding. 1In all instances, the dimensions of any one
specimen were held to a tolerance of * 1 mil,

To compute the surface area of ths specimens, only width and length measurements
as determined by flat anvil micrometers were used. The surfac~ area contri-
bution from the sides of the coupons were neglected since at most they
constituted 13% of the total surface area which was further re'luced by

rounding the corners of the aspecimens. Further, the fact that the specimens
were approximately the same thickness permitted a comparative evaluation of
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Figure 1. Representative As Cast Microstructures Of SM-200 And IN-100, s
Etched Electrolytlcally In 3% HCl - HgOp. 250X b
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oxidation weight gain without considering the area contribution from the
sides, In computing the area for woight=gain moasurements of continuous
woight=gain apecimens, the surface area change produced by drilling the
specimen hanger hole was also neglected., Surface area caloulations demon=
strated that the apparent smurface area reduction produced by removing surface
moetal during drilling is more than compensated for by considering the area
contribution from the hole circumference.,

- 3.2.1 Continuous Weight-Gain Specimens

Following the hand polishing process, the continuvus weight-gain specimens
were electropolished to (1) produce a surface which was both uniform and
rueproducible; and (2) remove the stressed or flowed metal (Beilby layer)
which could affeot initial oxidution kinetics., Some difficulty was
encountered in establishing an electropolishing procedure suitable for

all the superalloys to be tested in this program. This wam apparently the
result of composition and struotural differences among the alloys., Of all
the electropolishing variables tried, which included type of electrolyte,
temperature of electrolyte, current density, and time of polishing, an
elactrolyte of 150 Hy0, 800 cc HyPO, (B8% conc.), and 3 gm Or; 0y at a
temperature of 70°F and the parameters tabulated below was found tc yleld
the best results.

Current Dennity Time

Alloy (amp/cm® ) {8ec)
IN-100 0.4 10
Inco 713C 0.3 8
SM-~200 0.3 5
Rene Y 0.5 10

Subsequent to electropolisaing, the specimens were depassivatod in a solution
of 10% HC1 in ethanol, washed in watexr, final rinsod in othanol, and dried,

3.2,2 Othor Typo Specimens

Spocimens to be used for static oxidation tests and dynamic oxidation studios
woere thoroughly rinsed in ethanol and dried subsequent to the 800 grit polish.
Specimens for thin film studies were preparod as per the continuous weight-gain
#pecimens.
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a'. Specimens to be used to determine surfamce pruoparation sffects were given

! thres different finishes resulting in different degrees of roughness. Thay

o wero electropolished, dry grit blasted, and coarse wet ground., The 1

o roughness of the resulting surface way measured employing a Profilometer

‘o and the nominal surfane roughnesses obtuined are limted below along with !

the variation obmerved:
Electropolished 3u % 1 RMS '
: : *Wet Ground (600 grit SiQy) Bu £ 2 RMS -
" ~ Grit Blasted (180 grit Al,0,) 584 + 10 RMS !
Wet QOround (80 grit 81Q;) © 130y & 20 RM8 :

wProparation used for static oxidation tests,

e The tolerance in the measured roughness not only refleocts botual variations
o within the same alloy, but primarily denotes variations in the abrasion
resistance (or nardness) of the various alloys used.

3,3 Test Apparatus and Procedures

3.3.1 Continuous Weight~Gain Testing ' '

Cont inuous weight-gain temsting was performed using two Muuer automatic
recording balances positioned above platinum~wound Marshall furnaces. Each
of the units, along with the automatic recording equipment and asscoiated
accessories, is mounted in a support frame as i1llustrated in Figure 4.

Tha two units, which are ldentical in dosign, are capable of operating for
oxtended periods at 2300°F Temperature control was achisved through the use
of suturable core roactors which were found to yield a temperature variation
of 4+ 3°F ovor a 4-in. hot zone ut 2100°F. Nhe length of this zonv was
further extended at lower temperdtures, Temperatures were monitored using
Pt/Pt~-13% Rh thormoocouples sheathed in alumina and positioned in the reaction
chumber adjucent to the test specimen,

The Mauer woight recording system consists of an analytioal balance with an
alnico magnet suspended from one arm into the magnetic fiold of a solenoid.
The sample, whose rate of weight change 1s to be recorded, 1s suspended [from
the other arm of the belance into the furnace. The basic principle of
oparation involves counterbalancing the weight changes of the specimen by
altering the current through the sovlenoid which applies & forvce to the

magnet. The balance oporates, therefore, in the null position. Auny deviation

17
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in the bhalnncde beam from the horizonal is setnsed by a carefully adjusted
photo tube and electric circuit. Thus deviations in the welght of thé specimen
are compensated for by the automatic adjustment of the solenoid current acting
on the alnico magnet, which restores the magnet to its null position. The .
actunl record of waight change i obtained by calibrating and recordinrg the :
solenoid current on an X~Y recorder., The recording system is so ingtrumentaed B
that three scales of sensitivity and range can bs selected. Full-scale ranges
for one chart traverse of 10, B0, and 100 mg are avallable. The practical it
acouracy of each of the above ranges is 1% of full scale or an accuracy y
- capability of % 0.) mg for the most seusitive scale. 8Since the recording i
oot - gystem.ip self-zeroing once full scule deflectlon is attained, a bank of 11 _ ;
2 gero-counters allows the automatic recording of eleven times full.scale weight = ¥
' gain or weight loss. The rolative oxidation resistahce of the aulloys studied - i
in this program required the use of the most sensitive romla range; hence, no o
weight gain was greater than 110 mg and the accuracy of tha .results wero & 0.1
ng.

C o by means of & ghuin., That purtion of the chain between the balance and the

e i top of the furnace was gold plated and connected to a platinum chain for

o dotual suspension into the furnace. The fresction chambor consisted of a
two=-inch diameter mullite tube capped on top with a water-cooled copper
plate which had twu holes drilled to allow passage of the suspension system
and the monitoring thermocouplo, Thiz water-cooled plate, as well ag the
suspendion chain, served as a coundenser for the rocovery of volatile reaction
products. Thus, it was pousible to estimste the extent of volatilization by
the dlscoloration produced on the chain and coldenser plate. The bottom of
the mullite tube was giround to u male 58/80 taper and sealed by a female pyrex
ground glass joint equipped with a viewing port und a side arm for introducing
the oxidizing atmosphera, This arrangement allowed the observation of the
. spocimen during oxidation and any subsequent spalling which may have occurred
during the test or while cooling. It also provided a means vt oollecting
" spalled or exfolinted reaction products.

¥

(d

J

y
The specimens to he tested waru>uuspended from the balance into the furnnce g'

i

i

. eIt e e v -

Tho specimens were oxidizod in slow flowing air closely controllsd to a
flow rate of 1000 ml/min, Prior to the introduction into the reanction :
chumber the gross impurities in the air were removed by passing over angol b
hair. The air was then dried to a dew point of =-70°F by passage through

R drying columns arranged in parallel to insure dry air for tho duraticn of tho \f
‘,j test, The buoyancy effect produced by the flowin: air coupled with t . 3
senslitivity of the balanco necesaitated close con rol of the flow rate to s

insure reprouducibility betweon tests.
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puring a test, the following calibration and loading procedure was rigorously
employed, With the furnace at the desired temperature and the air flowing, ; i
: the wpecimen was hung from the chain above the reaction chamber. The balance
o and recorder were reroed, employing the most sensitive scale (10 mg full
scale), and a B mg weight was added to the pan £recm which the wpecimen hung.
This produced a mechanical unbalance which placed the recording pointer at
, ] mid-reale and enabled the detection of apecimen weight losses as well as
s w0 "wedght gains during. the initial stages of oxidation. The recorder was -
S e turned offy~the-hplance,plac-d”on arrest, anhd the specimen lowered into the '
J L eoitter et the ‘reaction chamber hot zone. Care wis taken to prevent the ol
Lot ‘- . gpeoimen from striking the chamber walls or the thermocouple, which was '
SR "+ already in pluce. -Any ‘sway present in the chain was stopped and a plastio
L - ”ﬂprogd“ﬁlgnnékprpund tlie expomsed portion of the suspension okain between tha
© 1 i thk.top of the Y¥eaction chamber and the bottom ot the balance to minimize L
* . ¢ . thet abomolous effects produced hy miy currents. The balunce was then taken
: off arrest and thy rsoupder, turned. on, Although the specimen had been in the
p .furuaup~sw6'tvithruw:mlnuteu while all the final adjustments were being made,
f . the poditidn of the recorder pointer, when it was first turned on, was con~ :
P sidered the "zero". This "téro" point proved to he a critical wmeasurement i
; gince, 18 will ‘be shown in the results, the initial rate of oxidation wus
- r¢1ative1y.high;'pnrticulhrly at tempotatures nbove 1800°F. The two to
-threa-minute delay in recording the oxidation rate was nlso considered '
necessary to ensure thut the. .speoimon was at the specified temperature.’
Therefore, although the necesgary delay may have produced a theoretical
ghift 4in the position of the resultant weight gain versus time curves, the
actual time lost was a very small fraction of the total 100-hour run and can .
be considered the swne for all runs, ' 4

. The two continuous welght-gain test stations operated aontinucusly during

! this investigation without any serious malfunctions. However, curing the

: initial tests the high pensitivity of the equipment and agsoclated line

powey fluctuations produced some orratic results, making it necessary to

install constant voltagoe tronmsformers. They have proved effective in ylelding

specimen weight-gain duta which is more amenable to evaluation, Occaslonally, !

however, anomalios oceur during tho chart rocording of oxidation weighi changes. !

. These fluctuations are genevally amall and insignificant unless the weight
change of tho spscimen appronchos the accuracy of the balsuce (& 0,1 mg) as

fi observad during some of the low-temperature tests (1400°F), The variations

' observed are bolleved to bo the result of fluctuation in air currunts and

goneral vibration,
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3.3.2 lsothermal (Stutic) and Cyclic Oxidation Testing

All static and oyclic oxidation tests were conducted by placing specimons
in gircon cup-type c¢rucibles and oxidizing them in the statlc atmosphere.of

~ 8lentric box Turnaces. The furnaces, which were ejquipped with saturable

core reactors and proportloning controllers to insure stability for long-
time operation, possessed excellent temperature uniformity within their-
hot zones. TFor the two furnaces vsed, a temperaturc variation of % 5°p
existed at 1800°F within the usable 7" X 10" hot zome. At 1600°F the
temporature variaticn in the same zone was reduced to + 2°F, This large,
uniform tomperature zone permitted up to 40 specimens to be tested at any
one time.

Whore possible, the specimens were positioned such thati the long=time test
specimens were placed to the rear of the hot zone permitting rotation of
sharter time test specimens near the front of the furnace. Upon completion
of any test, or test cycle, the orucible was removed from the furnace and
immediustely covered. This prevented the loss of redcticn products from the
specimens, which in aome instances apalled quite vigorousiy during cooling.
Aftor cooling to room temperature, the specimen, orucible, and specimen plus
crucible weights were recorded,

3.3,3 Flame Tunnel Testiug

The dynamic oxidation tests were performed in a natural gas fired flame

tunnel of special design, illustrated in Figure 5. Thesw fleme tunncls are
gix inches in diametsr, insulated to four and one-half inches inside diametor,
and water coocled by external copper coils., Heating is provided by the com-
bustion of a natural gas/air mixture through a ring of cight solac burners,
The normal mass flow rate through the tunnel is approximately 100 1hs/in® /hr,,
and secondary air is drawn in the center of the gas manifold. The resultant
gas velocity is 50 - 75 ft/sec, The composition of combustion products and
gases vary somewhat along the length of the tunrel. A typicel chromatographic
gas analysis made at various positions relative to the specimens at 18050 aund
2000°F arc tabulated bolow: :

*Relntive to spocimens

1850°F
Percent Gas Composition
Position# O Ny K %
1" in front 18.89 79.30 0. 0008 1.14
1" 1a front 18.85 79.42 0. 00086 1.16
4" 1in back 14,24 81.33 0.0007 3.77
4" in back 12,78 81.82 0, 0009 4,56
2000°8
1" to right 0.49 83.04 0.0001 6. 38
1" to left 9.44 83.18 0. 0001 8.40
middle/ubove 9.95 83.11 0. 0001 6.12
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'The test specimens were mounted in a K-30 fire brick, as illustrated

in Figure 8, and placed in a motor driven rotating metal holder. The

“holder, which is air cooled, is positioned such that the apecimens

rotate within the hot zone of the flame tunnel perpendicular to the gas
flow. This specimen holder, with a capacity of 14 specimens, rotates
at 10 rpm and provided the following advantages:

(1) All alloys to be tested (six), including duplicates, could
be tested at the same time whlle exposed to identical
. environmental conditions.

(2) A more quantitative and comparative evaluation of metal
loge and internal oxidation was permitted due to the
symmetrical arrangement of the specimens in the houlder.

The temperature of the specimens was measured and controlled by means of a
Pt/Pt~13% Rh thermocouple attached to a dummy specimen located just above the
test specimens and was checked periodically by an optical pyrometer., At 2000°r
the tempersture variation of any one specimen was found to be no greate: than
20°F,

During these tests the specimens were also cycled every thirty minutes from the
test temperature to 1000°F at a cooling rate of approximately 3000°F/min. This
was accomplished by .a blast of cold air which automatically cut off at 1000°F,

3.3.4 Thin Film Oxidation

These tests were conducted similar to the static oxidation tests, the only
difference being the time of oxidation. TFor the short-time, thin-film tests
(five minutqs to four hours), there was no means of determining the absolute
time at temperature due to heat-up considerations. Theretfore, the test
specimens were inserted simultaneously into the furnace and arbitrarily allowed
five minutes to attain the desired temperature. Since these tests were intonded
only to produce thin films for structural evaluation, absolute times of exposure
were not considered critical,

3.4 Measurement of Subscale Reactions

Subsequent to the static oxidation tests the type and extent of subscale
reaction was determined for both heats of all alloys. Each specimen was
prepared for metallographic observation by sectioning it, placing it on a
wedge* and then vacuum mounting in a cold setting plastic reinforced with

w{ = 11°32' (6:1) or 14°31' (4:1)
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*A:.oa“” - Btandard . metallﬁgrnphic polilhinc procedures were employed until

the pluno ‘0f polish intersected the oxidized surface of the specimen, This
produced a tapered seation through the oxidized surface with a vertical dis-

"tortion or magnificetion of either 4 or 6:1. Thus an oxidized surface when

mounted on a 8:1 taper and viewed at 100X was in reality at 500X in s direc-
tion perpendicular to the oxide scale, This mounting technique yielded a
measurement accuracy for determining the depth of subscale features of +0.206
mils., In conjunction with the special mounting material, which proved very
effective in preserving the oxidized edge, excellent metallographic results
were obtained.

Attdf_the ﬁormnl metallographic polish the specimens were'etched to more
clesrly réveal the extent ¢f the subscale reaction, i.e,, ¥' dissolution and

"Y' agglomeration., Tho most succesgful etching technique found suitable for

all alloys consisted of electrolytically etching in a solution of 2% chromic

-acid + 5-10% HgSO¢ in water at 3-0 volts. Although some materials reasdily
“stained employing this etch, the atain could be easily removed by a 10% HCl

methanol solution, An alternate etch used with moderate success contained
equal perts HCl and Schantz reagent® , applied with a cotton swab.

Measurements to determine the extent of s#cale and subscale reactions were
performed on these alloys not only to assist in developing an understanding
of the oxidation mechunism, but also to provide data useful for application
of these alloys as structural components. It is therefore important that
each type of measurement be thoroughly defined. A definition of the measure-
ments employed to depict the resultant scale and subscale morphology is
presented below and typically illustrsted in Figure 7.

(a) Scale thickness ~ The thicknesa in mils of the outermost
continuous and relatively dense surface layer formed during
the reaction, Usually made up of oxide phases but occasionaliy
contains matrix metal inclusions,

(b) Internal oxidation (I,0,) - The depth below the scale/metal
interface in mils where selective oxidation of reactive
alloying elements occurs through the dissocciation of oxide(s)
8t the scale/metal interface or anion diffusion through the
surface scale,

Due to the varilety of alloys studied and differences in the type of I,0,
observed, thir definition had to be further subdivided into 1,0, and I.G.0O.
(intergranular oxidation), Hence, the broad term 1.0, refers to both the
classical type salt and pepper suboxide formation and/or intergranular
oxidation, Since the latter type usually extends deepest intc the material,
it is also referred to here as the maximum 1.0, (see Figure 7). Internal
nitrides are aldo included in this measurement since they generally fall
within the 1,0, region,

% 1850 ml BoO, 30 ml Hg S04, 360 ml HCl, 100 ml HNO3, 150 ml acetic acid

and FeCljs
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¥' dissolution - The depth below the scale/metal interface
at which significant structural changes occur because of
the preferential depletion or enrichment of alloying
alements. Thia effoct is primarily evident after etching
due to the dissolution of ¥' and for this reason is so
classified. The dissolution of other intermetallics such
a8 carbides and borides are also observed resulting in a
zone nonsisting of esmentially 'y phase (F.C.C., solid
soluticn), This measurement is the sume as that sometimes
- referred to as alloy depletion (A,D,). Howsver, since the
_concentration of some elements actually incresse in this

region, as will be illustrated by the EMX results, the
torm A,D, is considered misloading.

-(d) Metal loss - The physical reduction .in material thickness
brought about by the conversion of metal to oxide sceale,
» The measurement is obtained by comparing the metal thickness
G (including 1.,90,) before and after the oxidation test. The
Lo expected accurucy for this measurement is :0.5 mil, since
: vertical sections are employed. In many inastances this
measurement was not reported for static oxidation specimens
since the measurement was witliin the cited acouracy.

‘ e base-line for all measurements and as such 18 assumed not to vary during

oxidation. This assumption might be reasonable in a simple alloy system con-

trolled by cation diffusion. Howaever, in the complex alloys studied here
this assumption is questionable at high temperatures and long times where

oxide spalling occurs, scnle interfaces are irregular, and internal oxidation

may be replaced by a more favored sub-oxide formation., Hence, for some
alloys the above scele ahd subscnle meamurement identificatinn may not be
valid over the entire time/temperature range inveutigated due to either
movement or loss of identity of the originsl oxide/metal interface.

3.5 Reaction Product ldentification Procedures

To characterize the reaction products formesd during the various types of tests

performed in this investigation, a number of quantitative and/or semi-
quantitative evaluation techniques had to be employed, X-ray diff.action

together with slectron microprobe X-ray (EMX) annlysis and light microscopy

4 evaluations served as the mejor means of identifying the reaction products

.51‘ formed. In addition, however, electron diffraction and electron microscopy
' were used to establish the morphology of thin £ilms, while X-ray florescence

a7
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and chemical analysis were employed when necessary for further subsmtantiation.

‘1t has been emphasized throughout this investigation that at least two inde-

pendent techniques be employed for all critical structural identifications
sand where possible duplicate apecimens be analyzed,

3.8.1 X-Ray Diffraction

< X=pay ditrraction spectrometer traces and Debyo Scherer type photograms were

ohbtained using filtered chromium or copper rudiation, The X-ray diffraction
studien were conducted on electrolytically stripped oxide films, @oraped
oxides, oxide mcales in situ, spalled reaction products, and any other features
of the oxide such as protrusions which might lead to a better understanding of
the oxide morphology. Information regarding suboxides and the genaoral oxide
arrangement wag obtailned by comparing the oxides identified from the different
type X-ray.specimens (i.e., oxide in situ versus electrolytiocally stripped),
Lattice parsameter determinations were performed in thuse instances where the
information was required to identify the oxide, as in the casoe of spinel-type
structures or where oxide solubilities were expected. In general, theso
parameters were determined employing the Strammanis technique whera only the
high single reflections are used for the computation, Where possible, the
atandard ASTM Powder Diffraction Index was used for identification purposes.
There were instances, however, where the identity of certain lines could nhot

be made due to nonavailability of ASTM Index patterns. This necemsitated the
synthesis of compounds such as NiTi03 for firm identification and clarification
of the various alloy matrix reflections.

3.6.2 Electron Microprobe X-Ray Analysis

For the majority of the EMX analysis concentration versus distance traces were
taken on cross mections of the oxidized epecimens mounted on 8:1 tapers
ldentical to those employed for motallographic evaluation, These traces cleuarly
denoted the concentration variation of any element as affected by the oxidation
process since the oxidized region was effectively expanded., Occasionally
counting techniques were employed to more guantitatively determine the concen-
tration of speclfic features. Calibration of the element concentrution was
established using pure standards, since correction factors for interaction
effects between elements were not considered significant enough in this study

to warrant their inclusion,

Asido from determining the major alloying element distribution and the conocen-
tration variation in the oxide scale for correlation with X-ray results, the
EMX proved to be a useful tool in identifying constituents present as interual
reastion products. By simultanvously following the concentrution plot and
observing the traversing alectron beam (~ 0.5 micron) through a microscope
concentration peaks could be relmted to particles in the subscale., The fact
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that oxide particles fluoresce when bombarded by the electron beam served to
distinguish them from intermetallics and carbidem and to identify their rela-
tive position in the metal matrix (i.,e,, transgranular or intergranular)., It : i
was this very technique which permitted the identification of TiN. Wavelength g :
scans were also employed to qualitatively identify constituents contained in
various intermetallic phases,

H' 3.8.3 Light Miorowcopy 1
. o bhight microuuopy was ulod to complement ‘the phule identiticntion of the above ﬁ
l. ©. two techniques. The reaction zcnes of the metallographic mpecimens were mag- 4

nified by tlie taper mounting technique employed., This permitted an evaluation
of the number of surisce oxide phases present and the general morphology of
internal reaction productis which were correlated with the other features.
Occasionally polarized light was incorporated tn distinguish between isotropic
and anisotropic constituents.

3.6,4 Electron Miocroscopy

Electron microscopy wes used to follow the differences in oxide topography
between the anlloys during oxidation. Some studies were also made of the oxide/
metul interface morphology.

The morphology of the oxidized surfaces were determined by direct replication
'y in collodion, and preshadowing with germanium at approximately 68°, The

' replicas were then shadowed with carbon and the original collodion replica
dissolved. The resultant replicas were examined in & Philips Model 100B

{ clectron microscope,

b

3.6.8 Electron Diffraction

2 The surface nxides or thin tilme produced in the early stnges of oxidation were
\ idontified employing electron diffraction reflection techniques, In this method
oloutrons are diffracted from the bulk surface of the oxidized specimens at a
low angle and the resultont Debye rings analyzed ns in the case of X-ray dif-
fraction,
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SECTION IV
RESULS

4,1 Oxidation Kinetics

Since the measure of the intensity of an oxidation process is its rate, s
means must be emtablished Pur defining this rate process. In this investi-
gation the thermogravimetric (continuous-weight gain) method was employed
where the rate of oxidation osn be derived from the change in weight of the
sample as A function of time mt the selected temperature., Ildeally themse
experimental results should be evaluated by empirically "fitting” the data
to the normal oxidation rate laws, The form of the rate law which is most
gonerally applioable can be expressed as:

‘AW n
(T) w K¢t +C Equation 1

Where %g = change in weight/unit area (mg/cmf)

n = the reaction index expressed ns a whole intoger
and being 1 for a linear rate, 2 for a parsbolic
rate, 3 for a oubic rate, eotc,

t a time in minutes

K = the rate constont for the process, the order of
[

whioh depends upon "n

(o] = an integration constant

1f the integration constunt ''C" is assumed to be zero, which would be the

case if no oxide film were prasent on the metal surface at t = O, the reaction
index "n" can be estimatod from the slope of log (W/A) versus log t plots by
considoring the general rate vquation in the following form:

1
i} .
or log 7¥ = log K + % log t Equation 2

Where the slope of the straight line portion of the resultant ocurves is equal
to the reciprocal of the exponent for the raite law that is ocontrolling the
maction, However, since "C" can umsually only be assumed zero for the initial
oxidation rate process (< 10 min) log-log plots sorve only to approximate theo
order of ithe reaction (n) and do not permit a determination of the aciLual rate
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constunt (K), Tho rate constant must be dotorminod from either the slope of

tho dtroight line formed by plots of (Aw/A)® versus t or by computations.,
Having established the rate of reaction (K) and providing the order of the
reaotlon (n) is conitant the tempermture dependence of ths oxidation process
con be deicrmined from the following equation:

(-Q/RT)

K, = & » exp Equation 3

fwhorq K = ‘rate constant (ms/om )“/noo
= ‘constent

o

= activation energy (cal/mole)
R = gas constant (cal/mole/*K)
T = nbsolute temperature (°K)

If from Equation 3 a plot of log K versus 1/T produces n streight line, the
winpe is representative of the activatioh energy 6f tha oxidation process,
The activation energy may it turn provide informstion rogarding the mechanism,
of the reaction.

Although the kinetic analyais presentmd nbove is valid in theory, and ip fact
#pplicable foy somm pure metaéls or simple alloy systems, the complex and
heterogeneous oxidation processes displayed hy the alloys studied in this
investiigation would appear to preclude a rigorous analywis of this type,.
llowever, all the alloys studied dimplnyed some indications of para-linear type
oxidetion elther at the lower temperatures or during initial times at the
higher temperatures, It was only after long time or high temperature exposures
that considerable deviation from parabolic rates were obwerved. Therefore, to
provide some quantitative meuans of comparing the oxidation ratos of these
alloys a kinetic evuluntion was conducted employing linear and parabolic rate
constants determined by "ourve iitting" to Equations 1 und 3,

The continuous weight gain test data for both heata of Rene Y, IN-100, 8M-200,
and Tnoo 713C us obtained from the actual continuoua chart recordings are
tubulated in Tables XA, IIA, IIIA and IVA respeoctively, Some of these datn
aro plotted on o logarithmic bamis to:

(n) Prosent the typical oxidation behavior of each alloy as a
function of time and temporature
(b) Illustrate the heat-to-heat variatinon which exists

(c) Approximete the order of the renction and the time interval
which it applies
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- Some variation is notod to exist in the oxidation behavior between the two
heats of thess aJloys, However, this heat-to-heat variation is observed to
be no worse than that which exists hetween ldenticnl test specimens of the ;
san® heat, The variability can then be asoribed to differences in the
individual specimens (i.e., surface porosity, microstructure, and varying
degrees uf olectropolishing) or inhereni errors in the experimental technique,

| _ 4.1.1 Rend Y

Of the alloys evaluated, Rene Y conformed most readily to a kinétic analysis.
From the curves illustrated in Figurcs 8 and 9 & linhear remcotion rate (slope e 1)
is observed for shirt timem at 1B800°F and below, with subsequent paraebolic
oxidation (slope = 1/2) at longer times and/or higher temperatures. PFurther
evidence for the existencc of linear oxidation during the initiul stages of a
oxidation was afforded by the straight lines produced in plats af W/A versus

time. The parabolic regions of the rate cupve were demonstrated by the excel- N
lent siraight line fi{ obtuined when (&W/A)" wase plotted a3 a funcotion of time. "
Thero wore insmtances in which the oxidation data were better represented by a g
"eubic" rate, bul oinne this wa? pot true in the majority of cases, the best .
£it to @ "yarabulic" .ate(s) of oxidation was obtained, It is appurent from i
the ourves that the linear rates which exist at 1800° and 1BOO°F are replaced X
by parabo ic rutes as time increuses., At 1800°F and abnvy, two parabolin rates i
appeared to be present, the second one being slower than the flrst. The oxi- -
dation rate constants computed from the data shown in Table JA, as well as the
tine intervals over which theose rates apply are summarized in Table V. The
initial ten minutes of oxidatlon was not included due to the effects of
temperature and surfage preparation during this stage of oxidation,

. . : A 7, )
o TR 7 -gw:?_uwm_‘!!’l -y
H A_-" Lo .i-

R S TR L e

3; A plot of the rate constants in the normal Arrhenius form is shown in Figure 10
and includes both heats, The variation between Hents 1 and 2 during llnear
oxidution ig evident and more scatter is observed in the data points for Heat 2.
The validity of assigning activation energies to processes as complex os these

' may be questionable. However, the slopes of these curves suggest apparent
o activation enevgies of 36 K cal/nole for the lincar rate and 48 and 29 K cal/mole
for the two successive parabolic processes, The secondary parabolic proceus
obtnined from these results is observed only nftnr long times nt moderate
! tenperatures or after relatively shorter times ut the high tewperatures wherc
volatile reaction products were observed after teating, as indicated by a black
condencate on the spacimen hanger chain, It has also been demonstrated<?’
that such {actors as oxide porosity or denslfication, changing specimen geometry,
and oxide interactions can produce deviatious from ideal parabolic rate laws.
Hence, the mecnndary parabolic rotes observed may be representative of combined
oxidation and volatilization processes which produce what appears to be a
slower parabolic oxidation rate. If thim is the case, the assighment of an
sctivation energy to this lutter procvss will have no significance with respect
to determining the oxidetion mochaniasm,
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4.1.2 IN-100

I e e ks S i et R

The oxidation behavior of IN-100 is typified by the log-log plots of weight
gain versus time in Figures 11 and 12, The curves illustrate a combined
cubic/parabolic oxidation rate (slope == 1/2 to 1/3) at the lower temperatures
or duriag the initial periods at high temperatures. These reaction rates
decrease after long times and/or high temperatures, The decrease in weight
gain rate is attributed to spalling losses whichk were actually observed
during testing., .In some instances at 3100°F spalling was actually ohserved !
during the first hour of testing. : , i

The oxidation rate constants, as computed from the slopes o the "best-fit"
straight lines from AW/A or (AW/A)® versus time plots, ure summarized in

Table VI. Although parabolic rates were computed for comparative purposes,
the majority of data were best represented by cubic rate coustants. The
absernce of linear type oxidation at temperatures ahove 1400°F, the relatively
limited time interval for initial parabolic oxidation (Kpy), and the existence
of a secondary parabolic oxidation rate (Kpri) are all notewnrthy features.

A plot of the rate constants in the normal Arrhenius form is shown in Figure
13. Considerable scatter is present in the data and above 2000°F some devia-
tion from the atraight line ropresenting Kpy exists. From the straight line
formed during initial parabolic oxidation, a value for Q of 45 K cal was
computed, which is similar to that determined for Rend Y. It is doubtful,
however, that this value 18 theenthalpy required for oxidation in view of

the complex nature of the oxiaation process. This value should rather be
considered an empirical constent which characterizes the initial stages of
oxidation below 2000°F.

As in the kinetic snalysis for René Y, a dual parabolic oxidation process is
also observed for IN-100 above 1R00°F. Since the value of Kp does not vary
significantly with temperature, it is probably related to some mechanical
rather than a thermo-chemical process. Oxide spalling during exposure is
congidered most 1ikely responsible for this constant oxidation rate.
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"4,1,3 8M-200

As observed in IN-100, the continuous weight gain curves for SM-200 (Figures 14
and- 13) alaso deviate considerably from parabolic after long time high tempera-
ture exposures, In fact, prolonged exposures at 2100°F produced an apparont
cessation in welght gain followed by a weight d.orease. Since spalling was

not evideiced during any of the tests, exceesive vaporization was expected. An
X-ray fluorescence analysis of the deposits soreped from the cooler sections

of the specimen hanger chain indicated large amounts of chromium and tungsten¥.
However, an X-ray -nnlyliu of tho sanme deposit produced an unidentifiable
pattern.

The linear end parabolic rite constants derived from the verinus tests are
summarized in Table VII and further illustrate the anomalous high temporature
behavior. As with IN-100, the linear reaction rates (K ) were limited to

the first few hundred minutes of oxidation at tampurnturol greater than 1800°F,
A plot of these reaction constants versus reciprocal temperature, shown in
Figure 18, indicates a discontinuity in the initial parabolic process at
approximately 1700°F. This suggests that two initial parabolic processes are
operative, oach of which 1s controllud by a different mechanism or combination
of mechanisms.

4.1.4 INCO 713C

As illustrated in Figures 17 and 18 the oxidation behavior of this alloy dis-
plays more heat-to-hent varimtion than the other alloys tested. 'The large

grain size of the test specimens und difficultles encountered in electropolishing
the specimens mey mccount for this behavior, However, the cause of the

anomalous shape of the oxidation curves for both heats at 2000°F has not been
eatablished., Spalling and vaporization effects can be discounted since neither
were observed during the teamts, The bohavior cbmerved for this nlloy may

rather be associnted with the relatively high aluminum content of the alloy

and the dissolution of the aluminum-rich y' phase at this temperature, This

will be discussed further in another section.

The oxidation rate constants for this alloy which are summarized in Table VIII,
ure in general similar to the previous two cast alloys. The notable exception
is the ubsence of shy linear oxidation rates, The variation of the oxidation
constants with reciprical temperatures is illustirated in Figure 19. The
relation deplcty two roasonably well defined parabolic processes,

* The analysis also identified lesser amounts of all the other constituents
in the alloy.
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: ;4.1{5 Oomaarison of Allox Kinetics

The kinetic analyses performed in this investigation do indicate certain
similarities in the oxidation mechanisms which dictate the behavior of these
alloys. However, it is doubtful that the activation energies computed for
the parabolic rates are representative of simple diffusion processes. The
raie controlling oxidation mechanismas srz probably much more complex.
Although models have been developed to coggecy thermogravimetric data for
the high temperature vaporization effects %) the correlation obtained with
the pregent data was poor, indicating that the assumptiona of single phase
oxide formation and parabolic oxidation kinetics are not valid for these
alloys. -

On the other hand, the oxidation dnta obtained in this investigation do

denote gross differences in oxidation behavior of any alloy and thus serve

to compare the oxidation rates of the alloys. Such a cumparison is presented
in Figure 20 for two extreme test temperstures, At 1600°F ull the alloys
oxidize similarly with no more than a factor of three difference in total
welght gain after 100 hours expousure, All alloys except Inoco 713C showed a
linear reaction rete (slope = 1) during the initital stage of oxide scale for-
mation with subsequént parabolic (slope  1/2) or cubic oxidation (slope = 1/3)
after longer times. The relatively slow initial oxidation rate demonstrated
by Inco 713C is not fully understoud, At 2000°F the general weight gain be-
havior of the alloys are also similar and it is apparent that the linear rates
which were prominent at 1600°F have been replaced by paraboliz rates during
the initial 100 minutes of oxidation. This can simply be construed as
equivalent to the latter stages of oxidation at 1600°F where oxide growth is
diffusion contrclled, However, for times much cveater than 100 minutes the
oxidation rates decelerete. This behavior has ' 'n associated with excessive
oxide deposits on the specimen hanger chain and throughout the oxidation test
equipment with no corresponding observation of spalling losses., Herice, even
in this slow flowing (1 liter/min) environment, oxide volatilization is con-
sidered prim¢rily responsible for the oxidation behavior observed, At 14G0°,
1800°, and 2100°F the alloys displayed oxidation rates which were either
extremes of those 1llustrated in Figure 20 or trensitional as was the case

at 180G°F where some alloys displayed volatilization aud others did not.

A comparison of the oxidution rates of these slloys is illustrated in

Figure 21 where the initial parabolic rate constants (Kp ) are ploited versus
reciprocal temperature. Although a kinetic evaluation of Rene 41 and U-700
was not performed in this investigation thejr oxidation behavior has been
previously characterized in a similar atudy.a The results are included here
for a more complete comparison of the alloys. Considering the differences in
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FIGURE 20 Comparison of the Oxidation Bohavior of René Y, IN-100, 8M-200 and

Inco 713C at 1600 and 2000°F,

for all alloys at 2000°F (t > 100 min),
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“compoqitién and activation energies dilplayed by this group of alldyn the

similarity in oxidation rate nt 1800°F end helow is pronounced. A notable
exception is IN=-100 which oxidizes five to ten times faster than the

other alloys. If data scatter is considered and IN-100 excluded, there

is essentially no difference in the initial oxidation rates of these
alloys between 1800 and 1900°F. It should be noted, however, that the
time interval over which this initial parabolic oxidation rate is appli-
cable generally decreases with increasing temperature. Therefore, these
curves oaly compare the initial oxidation behavior and should not be con-
sidered applicable for extended times above 1800°F,

4.2 Static Oxidation Behavior

" The data presented here establish the type and extent of the oxidation

reaotions for René Y, SM-200, IN-=100 and Inco 713C during static oxidation.
For these studies, specimens were exposed in ambient air at 1600, 1800, and
2000°F for times of 3 minutes to 1000 hours. A relatively complete micro-
structural characterization of the oxidation products is presented, however,
in some instances, details and apparent anomalies remain undetined.

4.2.1 Thin Film Studies

This study was conducted to determine the nature of the initial oxide films
formed on these alloys. - Information regarding this stage of oxidation is
necessary to obtain an understanding of the subsequent longer time behavior.
The progressive growth of the oxide scale during four hours exposure at
1600°F 1s 1llustrated for each alloy by the sequence of electron photo-
micrographs in Figure 22 through 28. Although some variation was observed
in these thin tilms due to orientation and homogeneity effects, the areas
selected are considered representative. For each alloy the base oxide

film {5 minutes) is observed to mature with time as indicated by the
crystallite development., The cast alloys all demonstrated at least one
ndditional oxide phase which appears to protrude through the base oxide

and subsequently grow or agglomerate. This behavior became more pronounced
on thin films formed at 1800°F, It 18 this heterogeneous oxide formation
and the combinad action of the different oxidation modes operative which

is considered responsible for the irregular oxidation kinetlcs observed in
the previous section.

A summary of the oxide phase identification for these thin films is presented
in Table IX along with the specific identification technique employed. As
indicated, electron diffraction reflection techniques did not yield workable
results. 1In most instances, the patterns were cither too weak or diffuse

to perform an analysis. Where patterns were obtained, arcing of the Debye
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a) 5 Minutes
(10,000X%)

'(pesA)

b) 30 Minutes
(10,000X)

(698B)

¢) 240 Minutes
(10, 000X)

FIGURE 22 Initial Oxide Growth Morphology in René Y During Exposure at
1600°F. Shadowed replica as stripped fur specimen surfece,
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4) 35 Minutes
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(6904)

b) 30 Minutes
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FIGURE 23 Initial Oxide Growth Morphology in SM-200 During Exposure
at 1600°F, Shadowed Replicn ns stripped from specimen surface.
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€10,000%)

(6974)

b) 30 Minutes
(10, 000X)
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FIGURE 25 Initial Oxide Growth Morphology in Incn 713C During Exposure
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at 1600°F, Shadowed replica as stripped from specimen surface.
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F L e

Alloy Tem
¥

Reds Y 1600
1600
1800
1800

8M-200 1600
' 1600

1800

1800

1800

Inoo 713C 1600
1600
1600
1800
1800

IN-100 1800
1600
1600
1800

TABLE IX

SUMMARY OF THIN FILM OXIDE IDENTIFICATION

Time
(mina)

5
120
5
30

5
30
120
8
30

b
30
120
)
30

6
30
120
]

Method Produots(a)
(b) CraOa
(c)  CraOs+MnCraOq (ao=8.41h) (W)
(b) CrgOs
(e) Cr.03+MnCrg04(no=8.43ﬁ)(W)
(b) Spinel (no=8.34A) .
(b) Diffuse '
(o) Spinel(uo=8.24ﬂ)+Tiog(W)+w03*
(b) Diffuse .
() Spinel(ao=8.34K)+N10.(Cr A1)50a+T104 (VW)
(v) No pattern
(b) Diffuse
(c) N10(ag=4.12}) +Spinel(no =8.244)
(b) Diffusn
() N10(ag=d.168) +Spinel(so =8,344) +Crg0a
(h) No pattern
(b) Dif fuse
()  (N1,Co,V)0(ap=4.30R)4T103+Cra03 (W) +A1200 (W)
(b) Diffuse

(a) Listed in order of decreasing intensity

(b) Electron diffraction reflection

(c) X-ray diffraction of electrolytically stripped oxide. Corbide phases

not listed,

% Tontative identification
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rings indicated some preferred orientation present. The acouracy of
alectron diffraction transmission techniques was not considered sufficient
for oxide phase identification, therefore, most of the thin film identifi-
cation was performed using X-ray diffraction of electrolytically stripped
films. However, the iduntification of oxides employing this technique
was complicated by the presence of intermetallic phases from the metal
which were also extracted with the oxide. A typical X-ray pattern pro-
duced using this technique is shown in Table X.

‘Relating the thin film morphology and corresponding X-ray identitication,
- the various features of the structure can be characterized. To mssist in

determining the chemical makeup of the spinel phawes or oxides with distorted
parameters the comgo-ition of the matrix of each alloy was determined employing
a Phacomp analysis 5, The results of this analysis are presented in Table VA,
These resulis indicate that for the majority of alloys the matrix is con-
siderably richer in Cr, Co, and Mo than the bulk chemical analysis shows.

This 18 due to intermetalllic formation (i.e., y', carbides, boridec) which
deplete the matrix of Ni, Al, Ti, and ihe strong carblde-forming elements.

For 3M-200 (Figure 23) the base oxide 1s a cubic spinel whoso lattice
parametor and matrix analysis suggests a (Ni,Co)Cr,0, composition. This
oxide contains TiQ, and possihly WO, protrusions which grow with time. The
position of these secondatry phuses indicates some relation with grain
boundaries and/or intermetallics in the alloy.

For IN-100 (Figure 24) tho initial oxide ig cuble (Co, Ni)O lattice

further expanded by the solution of V., This oxide contains a random size
distribtuion of Ti0, (rutile) protrusions which also grow rapidly with time.
After 4 hours exposure at 1600°F, the protrusions become massive and occupy
approximately 30% of the surface. There is also some evidence of a-AL, 0,
and o-Cr 03 type oxides but these (particularly the Al;0,) may be part of
the internal oxide.

Inco 713C (Figure 23) initially forms cubic N10 whose lattice paramoter
indicates relatively high purity. After 4 hours exposure, crystallinc
Ni{Cr,A1),0, type spinel protrusions are observed. The ipinel phase forms
a pattern which indicates some relation with the matrix morphology.

In all inatances, the cast alloys display thin films with multi-phase
oxides, However, the thin film morphology for Rend Y (Figure 22) displayed
a rglatively uniform single phase oxlde of rhombohedral a-Cr;0, and possibly
some homogenvous (Mn,N1)Cr,0, spinel overgrowths. After exposure at 1800
and 2000°F, the oxide remained uniform although significantly more developed
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TABLE X

TYPIOAL X-~RAY DIFFRACTION PATTERN OF PRODUCTS ELECTROLYTICALLY STRIPPED

FROM IN=-100 AFTER 2 HOURS/1600°F

h,k,1
T1Q,
{Co,N1,V)O Tatragonal

: . Cubto, agmd, 80}
d(A) /1o Romd, 3  _oom2,98
3,38 M 110
a.67 w -
2.88 VW - -
2.49 8. 111 101
2.38 w - -
2.50 w - 200
3.19 vw - 111
2.18 M 200 -
2,08 w - 210
.80 vw - -
1.74 vw -
1,88 M 211
1.68 W -
1.62 w 220
1.60 w - ~
1.56 w - -
1.52 M 220 -
1.475 vw - 002
1.450 vw - 310
1,425 vw -
1.400 vw - -
1,355 w - 301
1.348 w - 112
1.299 M 311 311
1.256 VW - -
1.245 w - 202
1.169 vw - 321
1.180 v - 400
1,002 vw - 222

11 more lines

8 = strong; M w medium; W m» weak; V = very

a1

BB el s, g gy v e s e e .

AlyO;  CryQy
Rhomb ~ Rhomb  MgaCp
- 104
104 -
- 110
110 -
024 -
- 116
118 -
- 300

-

400

420
422
B11
831

620

8533
622
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as illustrated in Figure 26. The microporosity noted at the edges of the
crystal faces (Figure 26(a)) may reflect the onmet of oxide vaporization,
Aftor the 2000°F exposure (Figure 26(b)), crystal growth is obsorved along
with rounding of the crystal edges., This latter effect is belleved to
reflect an advanced stage of volatiligation,

4, 2 2 Mucroscopic Oxide Morphology

To completely ovaluate the oxidation mechanism of an alloy, the macroscopioc
as well as the microscopic oxidation process must: be understood. This is
particularly Amportant for complex- alloys where inhomogeneities can exist
and influence the oxidation behavior. For this reason, soma attention was
devoted to evaluating the gross oxide morphology as a function of both time
and temperature,

The general oxide morphology of IN=100 continuous weight-gain specimens as
a function of testing temperature are illustrated im Figure 27. The
goneral thickening of the oxide with incruasing oxidation temperature is
evident. Tho important feature, however, is the rulation between the
interdendritic precipitates in the us-cast structure (Figure 27(a)) and
the excessive oxide bulldup in these regions with incressing temperature,
which oventually leads to. spalling. Figure 28 is presented to further
demonstrute the apparent relation which exists between precipitates within
ng-cast SM-200 and Inco 713C and the subsequent oxide growth pattern,
Although the specific cause(s) of the oxide buildup on or in the viocinity
of original intordendritic precipltates was not estabiishad, it is no
doubt related tv nlloying element partitioning present in the cast nlloys.
It also domonstrates that the heterogeneous oxidation observed during thin
film oxidation persists after longer axposures.

Figure 29 shows the genoral appearance of the oxides produced during the
static oxidation of Rend Y at 1800°F. OFf significance here is the vario-
tion in oxide morphology exhibited hetween heuts and the homogeneouv s
appearing oxide. Heat 1, which conristently displayed superior oxidation
resistonce in oxidation tusts, demonstrated the nuclontion and subsequont
growth of oxide protrusions as a function of oxidation time. Heat 2, on the
other hand, shows no such effects. The protrusions, although tcnacious,
were removed and analyzed using X-ray diffraction. With the excoption of
additionnl NiO and motrix phase, the structure was the sume as the adjoining
oxide, Further explanation regarding the cause or significance of this
plicnomenon is presentad in the following sectionm.
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(a) Heat #1 ~ Oxidized 10C hours
Note nucleation of protrusions
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(b) Heat #1 - Oxidized 1000 hours
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FIGURE 29 The general surface appearance and heat variations observed for
René Y oxidized in static air for various times at 1800°F, Note
the formation and growth of oxide protrusions in Heat #1.
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4,2.3 René Y Oxidation

Typical microstructures depicting the morphology of the oxidation reactions
for René Y after various times and temperatures are presented in Figures 30
and 31, The quantitative measurements indicating the extent of the reactions
are given in Table XI. The oxide features consist of a relatively denae
two~-phase scale wlith semi-continuous grain boundary attack and a uniform

I.0. or I,G.0, region. The oxide measurements indicate the following:

(1) Greater oxidation resistance for Heat No. 1 (see Figure 30). This
- heat variation is considered a result of fabrication induced vari-
ables, since the chemical analysis of the two heats are essentially
identical.

(2) For each heat the scale thickness reached a maximum value and then
remained constant or decreased with increasing time/temperature. The
1.0., however, continued to increase with time and temperature attaining
a depth two to four times greater than the scale thickness. This
provided additional support for the hypothesis that vaporization of
oxides is significant at temperatures greater than 1800°F,

(3) The growth of I.0.follows parabolic kinetics within the accuracy of
measurement (this will be covered in more detail in a subsequent
section).

(4) Only very slight spalling of surface oxides war observed after an
exposure of 1000 hours at 2000°F.

(5) Alloy depletion or y' dissolution was not detected since this alloy
does not form v'. However, a zone, irrcgular in thickness and
depleted cof carbides was found to exist below the oxlde scale.

The results of X-ray diffraction studies of oxidized specimens obtained
employing various techniques are summarized in Table XII while Tables XIII
and XIV present typical X-ray diffraction patterns of the reaction products.
Figure 32 summurizes the results of microprobe traverses through the oxide
zone after exposures of 100 hours at 1600, 1800, and 2000°F,

By combining the results of the metallographic evaluostion, X-ray identifi-
cation and microprobe analysis, the nature of the oxidation reaction can be
understood. During the initial stages of oxidation at 1600 and 1800°F,

the rhombohedral phase, o~Crg0;, is the primary scale product with traces

of MnCr;0, apinel. X-ray diffraction of surface oxides in situ shows
mixtures of the cubic spinel MnCr; 0, and a-Cr;0; at temperatures betwaen
1600 and 2000°F for times up to 1000 hours. With increasing temporature

or time at temperature, MnCrp0, becomes the predominant oxide phase with a
lattice paramete r which varies from 8.49R at 1600°F to 8.43L at 2000°F.
Correspondingly, the apparent abundance of a~CrgQ, decresases with increasing
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(a) 1000 Hrs/1800°F Note Two-Phase Surface Oxide and Encirclement of
Metallic Grain,
!
}
!
M1778
; (b) 1000 Hrs/2000°F Note Metallic Purticles in Surface Scale.
I
FIGURE 31 Typical Scale and Subscale Morphology for Rene Y Oxidized
' In @ Static Atmosphere. Mounted on 5:1 Taper Sections,
i Unetched (500X) .
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TABLE XIII
TYPICAL X-RAY PATTERN OF SPALLED OXIDE FROM

RENE Y AFTER 1000 HOURS/2000°F IN STATIC AIR

h k 1
O!-Cr,O,,
Rhomb MnCra O, NiO

Matrix (aa-S.SBA) Cubic Cubic .
dld)  1/1; (F.C.C.) (om8B°8") (agm8.42Q) (ag=4.17h) !
3.60 w - 012 - - L
2,95 vvw - ~ 220 -
2,65 s - 104 - -
2,53 3 - - 311 - '
2,47 S - 110 - -
2.42 vww - - 222 -
2.40 vw - - - 111
2,18 w - 113 - -
2,10 W - - 400 -
2,075 w 111 - - 200
1.810 W 200 024 - -
1.720 www - - 422 -
1.665 S - 116 - -
1,619 w - - 611 ~
1.571 vvw - 112 - -
1.488 M - - 440 -
1.473 w - - - 220 t
1.462 w - 214 - -
1,429 VS - 300 - -
1,331 Vvww - - 620 -
1,293 w - 1.0-10 - -
1.284 w - - 533 -
1,238 W - 220 -
1,217 W - - 444
1.210 vw - 306 - -
1,205 w - - - 222
1,173 VwW - 128,312 - -
S = strong; M = medium, W = weuk; V = very
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TABLE XIV

TYPICAL X~RAY DIFFRACTION FROM SURFACE OXIDES
FORMED ON RENE Y AFTER 100 HOURS/2100°F IN STATIC AIR

hkl
a-CraOz
MnCry 04 Rhombohedral
Spinel,Cubic (agu=b,37h)
a(hyx 1/1g (ag=8.44R) (a=55.4°)
**4,10 10 - -
3.e5 20 - 012
2,99 80 220 -
2.67 32 - 104
2,55 100 311 -
2,49 25 - 110
2,18 11 - 113
2,11 17 400 -
1.81 8 - 024
1.72 8 422 -
1.67 21 - 116
1,625 25 511,333 -
1.492 27 400 .
1.467 8 214 -
1.433 10 531 300
1,287 8 622 1:0:10

¥k Unidentifled line - corresponds to strongest reflectlion
trom S10g (cristobalite)

* Reflections from base metul have been omltted
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temperature and diaplays a lattice contraction to the theoretical value
at 2000°F, X-ray diffraction results of spalled axide products and
protrusions formed at 2000°F indicate thut Cry0, is overgrown with
MnCr; 0, spinel but is atill present in significant quantities. 7his is
algo evident from the microstructures (see Figures 30 and 31) where the
darker outer scale product is MnCrpO,. X-ray diffraction of electrolyti-
cally stripped oxides from specimens oxidized at 2000°F indicated trace
quantities of S41Q, (cristobalite). This phase is amorphous at lower

. temperatures and therefore not detectable by X-ray. The microprobe analysis
_ corroborntes the X-ray data and indicates the following agditional features:

(a) The spinel phase is MuCr O, (24 w/o Mn and 48 w/o Cr) and overgrows
the CryOy phase which contains 63 w/o Cr.

{b) S10; with trace quantities of MnyOy are the primary internal oxidos
presont. Tho stoichiometry of the MnxOy could not be ascertailned.

(c) The expansion of the Cr,0, lattice parameter at the lower temporatures
is due to the solubility of Mn and not Mo or Fe since the concentrations
of these elements in the scale are negligible,

(d) At 1600~1800°F there is an increase in the concentration of Fo and
Ni just below the oxide scale. At 2000°F however, bhoth Ni and Fo
display some solubility in the oxide and may yield (Mn,Ni)CryO, and
(Cr,Fe), 04 mixed oxide phases.

A summary chart for the recaction products formed on Rend ¥ as o function of
oxidation time and temporature is shown in Figure 33.

The cause of anomalous oxide protrusions previously illustrated (Figuro 29)
during high (> 1B00°F) tomperature oxidation of Rend Y (Heat No. 1) hes boon
resolved. An X-ray annlysis of these protrusions indicated the additional
presence of NiO und matrix., By referring to Flgure 34 and 30(a), the
sequence of events reosulting in these protrusions is apparent, At the higher
temperatures (Figure 30(a)) the Cr,0; displays some prefercnce for formation
in grain boundaries. This results in the isolation of grains, depleotion

of chromium from tho matrix through seloctive oxidation,subsoquent reduction
in the oxidation resistance of the remaining matrix, and finally tho forma-
tion of NiO at a significantly faster rate which promotes the "ballooning"
effect indicated in Figuroc 34, The fact that this phonomenon is not
obterved for Heat No. 2 must bo rolated to subtle differoncus in processing
(grain size, etc.,) or the distribution of olemonts between tho two hoats.

Additional Information regording the oxidation hohuvior of thix alloy,
gpocifically the rolo of Mn and Lia additions will bo covored in subsoquent
gections.
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(a) 400 Hrs/2000°F Eurly Stage of Growth Where Coherence With
Surface Oxide is Maintained. (800X)
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(b) 400 Hrs/2000°F Lottoer Stage of Growth Displuying Luck of

Adheronco,

FIGURE 34

(250X)
Latter Stegoes of Growth ol Protruasions Formed on Rene Y
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4.2,4 SM-200 Oxidation

The oxidation reactions of this alloy are more complex than the previously
discussed Rend Y. This complexity can be attributed to:

(a) Reactive element activities which are highly sensitive to temperature
yielding internal and external oxldation which does not vary in a :
simple manner with temperature,

(b) A heterogeneous oxide scale which results in oxide spalling and
difficultyindetermining the extent of oxidation and oxide morphology.

In general, the scaling and subscaling processes which occur during normal
oxposure compete for the solute elements. If the solute activity is low

and if it is much less noble than the major surface oxide constituent,

internal oxidation or grain boundary oxidation will result. If, however,

the actilvity is sufficiently altered by an increased concentration of solute
(as by enhanced diffusion) this will result in oxidation of the reactive
clement as a part of the surface scale. The critical nature of this com-
petition is well domonstrated by the microstructures of oxidized SM-200,

shown in Figuve 35. Aside from illustrating the general morphology of the
oxidation products and associated interaction with the base metal, the

sogquence displays the fine halance between surface oxlde and internal oxide
formation. After 100 and 400 hours at 1600°F, (Figure 35(a)) the classical
type salt and pepper I.0. (probably Al;0;) is formed. After 1000 hours (Figure
35(b)) at temperature, the I.0. is still present but agglomeration has occurred
which essentially produces a continuous internal scale of Al;0,, minimizing

the formation of additional I,0. by providing a stable diffusion barrier.

After an exposure ot 100 hours at 1800°F (Figure 35(c)), only remnants of

1.0. arec observed and finally at 2000°F no I.0. is noted. At 1800°F and above,
the enhanced diffusion rate, or perhaps the dissociallon ol v', increases the
oftfective concentration of aluminum at the metal/scale interface making

its incorporation into the scale more tfavorable. The fact that traces of

1.0. are observed at 1800°F may reflect inhomogeneitics in the alloy, but
clearly indicates the close balance which exists between scale and subscale
formation., It should be pointed out that in theory once oxygen and solute :
element concentration gradients are produced within the alloy which satisty ¢
the conditions required for internal oxidation at a specific temperature,
the internal a¥ide precipitation will continue to form regardless of the
exposurc time ). The practi-al exception to this rule is illustrated in
Figure 35(b) where inhomogeneities in the alloy in the form of primary ¥y’
particles caused the apparent cessation of I1.0. The converse to the above
statoment does not necessarily hold. That is, continued oxidation at a
specific temperature where I.C. is not initially formed may yicld conditions

conducive to its formation dve to compositional changes which occur in the
subscale region.
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(a) 400 Hrs/1600°F Note Classical
Salt and Pepper Type 1.0,

(¢) 100 Hrs/1800°F

O0f 1.0, at This Temperature,

FIGURE 35
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d
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:
(b) 1000 Hrs/1600°F Note Cessation
Of 1.0, Penetration by a Front of
Agglomerated 1.0,
R 2 PSP PR ¥
L e S Sy,
A'-i'lr,f_:' ‘ 2. kg % m‘
: s " SR A
M4600 M3947
Note Ouly Remnants (d) 100 Hrs/2000°F Note Multi-Phase
Scale and Isolated Regions of 1,0,
From I.G.A,
Typical Scale and Subscale Morphology Produced in SM-200 Oxidized f
For Various Times and Temperatures in Static Air. Mounted on N
5:1 Taper Sections., Etched in 2% Chromic (25C¥), "
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The measurements of the extent of reaction for this alloy are presented

in Table XV. Az indicated by the weight-change data, the alloy was subject
to spalling during cooling from 1800°F and above. The extent of this
spalling may at first appcar great so it should be emphasized that the
weight of the spalled products includes not only the oxygen gained to

form the oxide but ulso the weight of metal it combines with, whereas
weight-gain measurementa with no spalling include only the weight gain

due to oxygen pi-kup., Therefore, only about one-third of the weight of

the spalled products can be attributed to oxygen. Due to the spalling
which occurred, identification of the original metal interface was difficult.
This in turn decreases the absolute accuracy of the 1.0. and y' dissolution
measurements. an identification of the reaction products is also made dif-
ficult due tn oxide spnrlling. This is particularly true for the microprobe
analysis where the spalled oxide is not included in the trace. In such
instancus more reliance is placed upon X-ray results of spalled products
for an identification of the oxides present at temperature.

The results of X~ray diffraction studies conducted on this alloy are sum-

marized in Table XVI while Taobles XViII, XVIII, and XIX illustrate typical

X-ray diffraction patterns of spalled and electrolytically stripped oxide

products. Figure 36 presents the microprobe traverse results of specimens
exposod for 100 hours at 1600, 1800, and 2000°F,

The oxidation of SM-200 cannot be considered as a progression of a certain
oxidation process with time and temperature but rather entirely different
modes of oxidation occur at ench temperature which then progress with time.
The initial oxide formed at 1600°F is a spinel whoge lattice dimensions
suggest (Ni,Co)Cr,0,. Continued exposure in the thin film region produces

a mixed (Ni,Co)(Al,Cr),0, type spinel with second phase protrusions of

Ti0, and a tentatively identified tungstate (WOp). After 100 hours exposure,
an oxide scule rich in Cry;0; with n heterogeneous* distribution of NiCr,O,
and TiQ, and an I1.0. zone containing primarily Al,0, is.observed. Continued
exposure to 1000 hours does not significantly alter the products but as
previously noted, docs cause agglomeration of the I.0. products. During

the 1initial (thirty minutes) exposure at 1800°F a surface scale is formed
containing a heterogeneous mixture of NiCryO, spinel, (Cr,Al),0,, NiO, and
TiQ, in order of decreasing abundance. Increased exposure to 100 hours
produces NiCrpO, + NiAl,O, duplex spinol scale with dispersed TiO, and an
1.0. of Al;0,. After 1000 hours the notable addition of TiN and possibly a
tungstate phase to the subscale is observed. At 2000°F, the oxide scale
produced 8 extremely heterogeneous,as evidenced by visual observation

and the phase analysis., The data of Table XVIII illustrate the simultaneocus

T

*The term Theterogeneous  used throughout this report does not indicate oxide
formation but rather an oxide mixture.
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TABLE XVII

TYPICAL X-RAY PATTERN OF PRODUCTS ELECTROLYTICALLY STRIPPED
FROM SM-200 AFTER 1000/1800°F IN STATIC AIR

h k1
Spine1(®)
) ¥-A1,05 cubic T10 TiN
d(d) 1/I; Trigonal (a,=8.058) Tetragonal cubic

4.65
%3,78
*3,60

3.80

3.25

2.89
2,66
2,50
2,43
2,37

2.29
*2,26
2,18
2,13
2.08

2.05
2,02
1.98
*1,89
1.74

1.69
1.80
1,58
1,535
1,460

1.428
1.401
1.370
*1.315
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5 = strong; M = madium; W a weak; V = very
* Unknown phase, mest probably a tungstate
(a) Most probably NiAlz04
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acdy
4.78
%400
3.70
3,57
3.45

*3.30
3.22
2,83
2.88
2,78

2,71
2.53
2.49
2,40
2.338
2.28
2.21
2.08
2.07
2,03

1.75
1,72
1.69
1.65
1,61

1,595
1,475
1,467
1.311
*1,267

1,238
1,252
1,206
1,196

TABLE XVIII

TYPICAL X-RAY PATTERN OF SPALLED OXIDE FROM
BM-200 AFTER 100 HOURS/2000°F

h, k, 1
Spinel(®) Spinel (b)
Cubic NiO Cubic ¥-AlgOs NiT .va
1/lg (ag=8.28k) cubic (ag=8.08k) Trigonsl _Rhomb
w 111 - - - -
vvw - - - - -
vvw - - - - 102
VVW - - - - -
vvw - - - 012 -
v - - - - .
vvw 2208 - - - -
M 220 - - - -
VVW - - 220 - -
VW 3118 - - - -
vVW - - - - 104
VYW - - - 104 110
Vs 311 - - - -
w - 111 311 - -
Vvw - - - 110 -
yvw - - - - -
vvw - - - - 113
w - 200 - 113 -
W 400 - - - -
yvw - - 400 - -
yvw - - - 224 -
AL - - - - 118
w 422 - - - -
vvw - - 422 - -
Vvw 4408 - - - -
M 511 - - 118 -
vw - 220 - - -
s 440 - - .
vw 620 - - - -
w - - - - -
vw 533 311 - - ~
vvw - - - - -
vvw - 222 - - -
vvw 444 - - - -

S = strong; M = medium; W = weank; V= very

* Unidentified phase probably a tungstate

(a)

Most probably NiCryO,

(b)

Moat probably NiAlgQ4
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TYPICAL X~RAY PATTERN OF PRODUCTS ELECTROLYTICALLY STRIPPED

TABLE XIX

FROM SM~200 AFTER 100 HOURS/2000°F IN STATIC AIR

h k1
Spineitg)

Cubic _  &-AlzOs Ti0s TN

a(h) /1o (ag=8.02}) Trigonal Tetragonal Cubic
4.65 W 111 - - -
*3,70 W - - - -
%3, 88 w - - - -
3.48 W - 012 - -
3.26 W - - 110 -
2.88 M 220 - - -
2.84 W - 104 - -
2.42/2,83 8 311 - 101 111
2,37 wW - 110 - -
2.30 W - - 200 -
2,17 W - 006 111 -
2.12 W - - - 200
2.08 W - 113 - -
2.02 W 400 - - -
1.96 W - 202 - -
%185 W - - - -
*1,78 W - - - -
1.74 w - 024 - -
1.67 W - - 211 -
1,64 VW 422 - - -
1,595 M - 118 - -
1.550 W 511 211 - -
1.425 M 440 - - -
1,400 VW - 124 . -
1.370 W 531 030 - -
1,318 W - - - .
1.285 W 533 - 301 -
1.230 W - 140410 - -
1.070  vw - 134 - -
1.050 W 731 226 - -

§ = #trong; M = medium; W = weak; V = very
* Unkown phase most probably a tungstate.

() Most probably NiAlg(,
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FIGURE 36

DISTANCE {1 div.»O.B mil)

Microprobe Traverse Rosults for SM=200 (Heuat No.
Oxidation Test Specimons
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identification of NiCrgO, and NiAl, O, spinel phases as part of the spalled
I B products., Since these two phases are mutually soluble, their separate

i identification indicates that the oxides form on different areas of the
gpecimens. This would reflect local inhomogeneities within the material.
| These inhomogeneities when combined with the heterogeneous nature of the
-y dcales formed nakes idontification of the exact oxide position within the
ok scale difficult. The majority of data indicate that after 100 hours
exposure at 2Z000°F the NiCrgO, spinel and the Ti containing oxide

(T1Q; or NiTi0;) spall leaving an oxide rich in NiAlL,0,, o-Al,0, and an
unidentified tungsten rich phase, Increased exposure time to 1000 hours
results in the exfoliation of almost all the oxide phases produced leaving
primarily a-Al;0, and some NiAl;0,. Referring to the microprobe analysis
{Figure 38) the tendency toward Al base oxide formation with increasing
temperature is quite pronounced. Supplementary to this is the apparent
decrease in the extent of Cr depletion and an increase in W content
beneath the oxide scale. These latter two effects suggest that W provides
a "diffusion barrier" to Cr.

A simplified phenomenological summary of the prime reaction products formed
during oxidation of this alloy 1is illustrated in Figure 37.

= 4.2.5 IN-100 Oxidation

! Microstructures depicting the morphology of the oxidation reaction tor this
alloy at the various times and temperutures are presented in Figure 38, while
measurements showing the oextent of reaction are given in Table XX. As
described for SM-200 this alloy also exhibits a heterogencous oxide scale

. which promotes spalling aftor testing for 1000 hours at 1600°F and above

g but shows essentially no 1.0. and considerably deeper I.G.0. than SM=200. The

heavy spalling exhibited by IN-100 made the microstructural characterization

" difficult, A summary of the microstructural features observed for this alloy

- is given below:

(a) The varintion betveen hents is not considered significant.

G (b) The onset of spalling occurs at a lower temperature than SM-200, but
the amount of oxide spalled at any timeo/tomperature is less.

(c) Although the oxide scale of IN-100 im twice the thickness of
Renc Y the gross 1.G.,0. penetration is of the same magnitude. However,
there are lsolated regions whore the massive I,G,0, exhibited for IN-100
ig more than twice the depth exhibited hy René Y and at least five
times groater than 8M-200, For this reason both the gross and maxi-
mum depth of I,G.,0. have been reported.
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(a) 100 Hrs/1600°F Note Irregular

Scale with Isolated 1.0,

M4719

(c) 100 Hrs/1800°F Nots Decreased
Scale Thickness and Intergranular
Penetration.

{b) 1000 Hrs/1800°F Note
Excessive Porosity,

(d) 100 Hrs/2000°F Note Multi-Phase
Oxide and Iucreased Intergranular
Penetration,

FIGURE ag Typical Scale and Subscale Morphology for IN-100 Oxidized

In a Static Atmosphere.
Etched in 2% Chromic.

89

Mounted on 5:1 Taper Section,
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(d) The microstructures are notably free from the classical type I.0. ‘
which was observed for the other nickel-~base alloys during some '
stege of the oxidation process. :

The results of the microprobe traverses through the oxide are summarized

in Figure 39, Of interest is the high nickel, titanium, and aluminum con-
centrations in the scale and the correspondingly low chromium content. The
X-ray results are summarized in Table XXI while Table XXII illustrates the
X-ray pattern of a synthesized NiTi0Q, perovekite-type oxide used for a more
procise oxide identification. Tables XXIII and XXIV present actual diffraction
patterns obtained from spalled and scraped oxide specimens. All of this
analysis when combined with observations of the general microstructural
appearance ylelds a relatively complete characterization of IN-100 oxidation

as follows:

Thin film studies at 1600°F (see Section 4.2.1) vividly displayed the
multi-phase oxide formed during short-time exposures. The copious amount

of T10; which initially forms within the (Ni,Co)0O base oxide appears to

have significant bearing on the relatively poor oxidation resistance of

this alloy. After 100 hours at 1600°F the prime surface oxide remained

cubic (Ni,Co)0 containing approximately 20% Co (as verified by the increased
Ni0 lattice parameter and microprobe results) but considerable "perovskite"
NiTiQ; and NiCr;O, type spinel phases were also detected., The subscale con-
tained small amounts of Al;0, and TiQ,. Increased exposure at 1800°F to

1000 hours produced little change in the oxides present, however, the NiCr,0,
and NiTi0, overgrowths became separated from the subscale by a relatively
continuous etring of voids. The formation of an acicular precipitate,

previously identified as TIN was also observed. Oxidation behavior at . '
1800°F was generally characterized by a decrease in the abundance of NiO !
which no doubt combined to form the more predominant compound oxides

NiCrg O, and NiTi0,. The subscale oxide still contained Al;0, and TiQ,.
Increased exposure at 1800°F produced considerable oxide spalling. An
analysis of the spalled products indicated primarily NiCry; O, spinel and
NiTi0; and trace quantities otf NiO. This implies that spalling occurs at
the interface between the NiCr,0,/NiTiO; and the Al;0,/TiQ; subscale.
Therefore, under cyclic operation where spalling may result, Al;O0; and

Ti0; would be exposed to the environment. X-ray analysis taken from the
surfaces of spalled specimens also indicates the presence of NiT10,. 8ince
Ti0, is one of the original phases formed and that reaction with Ni0 will
readily produce NiT10,, it is suspected that the formation of this phase

is responsible for the massive intergranular attack characteristic of IN-100,
Oxidation at 2000°F is very complex and implies extremely heterogensous
oxidation. After 100 to 400 hours exposure the spalled products contain
NiCr,0,, NiTi0,, NiO, and trace guantities of a Ni(Cr,Al),0,, Al;0,, TiO;,
and NiTi0,. Here again spalling appears to occur between the compound
oxides (i.e., NiCr;0,, NiTiO,) and the simple subscale oxides (i.e., Alz0,

;
\
-
]
£
\
g
%
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|00 hrs/IBO0°F 100 hrs/IB0O°F
| 2xiox 1.9,

100 hrs/2000°F

[

OXID¥ METAL

s

(o ’-—/\ML Al Al
4 /4V/VS R WANGES .

FIGURE 39

DISTANCE (!div.s0.5 mil)

Microprobe Traverse Results for IN-100 (Heat No. 1) Static
Oxidation Test Specimens
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TABLE XXII

X-RAY IDENTIFICATION OF NiTiOg

ASTM Card*

#3-1157 Synthesized
hk1 dd) 110 dhy  1/10
102 3.71 40 3,708 28
104 2,716 80 2,718 100
110 2.532 80 2.525 65
113 2,212 60 2,214 29
204 1,852 80 1.8483 40
118 1.704 80 1,702 64

108,212 1.607 40 1.605 12
214 1.490 100 1.489 28
300 1.459 80 1,465 31
208 1,388 20 - -

1-0-10 1.318 80 1.317 15
217,220 1.285 80 1,269 7
306 1.234 40 1,228 4
218,312 1.193 860 1.193 6
2:0-10 1.169 60 1.167 7
314 1,145 60 1,142 8
226 1.107 80 1.104 10
2+1.10,309 1.080 80 1.058 9
318,322 0,993 60 - -
1'0+14,324 0,963 100 0,960 10
410 0,954 60 0.9561 6
0,909 8

0,879 9

0.845 8

0.838 5

0,809 5

0.801 4

* Indexed as hexagonal (rhom, div.) S.G. Cgl R3

80 = 5.448, o = 55°0"
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TABLE XXIIl
TYPICAL X-RAY PATTERN OF SPALLED OXIDES FROM
i IN-100 AFTER 1000 HOURS/2000°F IN STATIC AIR

spinell®)  8Spine1(b)
cubic cubic NiTi03 @-AlgOj3 Ti0g
i dd)  1/Io (ag=8.098) (ag=8.294) _Rhom Trigonal Tetragonal

4.70 VW 111 111 - - -

3.68 VVW - - 102 - -

3.45 VW - - - 012 -

#3.38  VVW - - - - -
3.22 W - - - - 110

g 2.91 W - 220 - - -
: 2.88 W 220 - - - -
; 2,69 W - - 104 - -
" 2.80 W - - 110 104 -
+ 2.48 W - 311 - - 101
- 2,43 s 311 - - - -
v 2,20 vw - - 113 - -
- 2,19 VW - - - - 111
: : 2,08 VW - - - 113 -
2,06 VW - 400 - - -

2,02 M 400 - - - -

1.84 wW - - 204 - -

1,74 v - - - 024 -

1.695 W - 422 116 - -

1.685 VW - - - - 211

1.650 VVW 422 - - - -

*1,620 VW - - - - -

1.600 VW - 511 212 118 -

*1,581 VW - - - - -

, 1.555 W 511 - - - -
: 1,485 VW - - 214 - -
1,465 VW - 440 - - -

1,450 W - - 300 - -

1,430 M 440 - ~ - -

; 1,400 vvw - - - 124 -
. 1,372 VVW - - - 030 -
. 1,359 VVW 831 - 208 - 301
: *1.345 VVW - - - - -
f 1,312 vvw - 820 1:0-10 - -
. 1,278 vvw 620 533 - - -

8 = strong; M = medium; W = weak; V = very
* Unknown lines

(3) pMost probably NiAlgO,
(b)

. Moet probably NiCrgOy

or

J R




TABLE XXIV

TYPICAL X-RAY PATTERN OF OXIDE SCRAPPED FROM

IN-100 AFTER 1000 HOURS/2000°F IN STATIC AIR

ach

4.69
3.49
3.23
<.88
2.70

2.64
2.49
2,43
2.1¢9
2.08

2,02
1.84
1.74
1.69
1.85

1,62
1,60
1,65
1,485
1,450

1.430
1,365
1,235
1,170
1,080

1,054
1,014
0.936
0.826

8 = strong; M = medium; W =

(a)

h k1
T1i0g
Spinel(a) Tetragonal
cubic (ap=4.594) ®-A130; NiTi0s

1/lp (8ge8.08R) (co=2.97h) Trigonal _Rhom
W 111 - - -
VW - - 012 -
M - 110 - -
M 220 - - -
M - - - 104
W - - 104 110
VW - 101 - 110
s a1l - - -
W - 111 - 113
VW - - 113 -
M 400 - - -
W 331 - - 204
VW - - 024 -
M - 211 - 116
VW 422 - - -
VW . 220 - -
W - - 118 -
M 511 - - 108
VW - 002 - 214
VW - 310 - 300
M 440 - - -
VW 531 - 030 -
w 633 - 1:0-10 -
W - 321 - -
W 642 - - -
W 731 - - -
VW 800 - - -
W - - - .
VW 844 - - -

Most probably NiAlgQ,
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Ti0y). As indicated previously for SM=200, the simultaneous identification %
of Ni-Cr.and Ni=-Al spinel oxides indicates the existence of local mlloy %
inhomogeneities. During the 1000 hour exposure, massive protrusions also .

became apparent on the specimen surface., An X-ray analysis of these
"poocks" indicated the presence of Ni(Al,Cr),0,, TiQ;, NiTi0, and a-Aly0j.
Metallographic evidence eximts which amsociates these ''pocks" with the
deep intergranular penetration of oxide into the parent metal. The high
Ti content of these oxides 1s noteworthy.

A summary of the reaction producte formed on IN-100 as a function of time
and temperature is presented in Figure 40. It should again be emphasized
that these products represent thome expected while at temperature,

s ..

4.2,8 Inco 713C Oxidation

The microstructures of representative oxidation specimens of Inco 713C
exposed at various times and temperatures are illustrated in Figure 41,
The accompanying microstructural measurements are summarized in Table XXV,

This alloy exhibits the same general features as the other cast alloys,
namely, oxide epalling and heterogeneous oxidation., Some specific features
observed during theo evaluation are

(a) The heat-to-heat variation is negligible,

{b) Although the total weight gain is notably less for this alloy
a8 compatred to SM-200 and IN-100, the oxide phase coherency also
appears to be less since spalling occurs after a much lower total
wvelght gain, !

(c) The type of mscale formed and the oxtent of internal attack is more
gimilar to SM-200 than IN-100 although the internal oxidation typified
by the low~temperature oxidation of SM-200 was not obsserved (Figure
41(a))., The type of internal oxidation produced was more typical
of 1,G.0, which is distorted by the taper mounting procedures employed
(Figure 41(c)).

(d) The interactions between oxides and/or metal inhomogeneities
produced a heterogeneous surface scale as shown in Figure 41(b) where

the subscale is illustrated protruding through the original surface
oxide socale,

P Y R N A e

The results of the X-ray diffraction studies for Inco 713C are summarized
in Table XXVI, while Tables XXVII and XXVIII represent typlocal X-ray dif-
Iraction patterns obtained from apalled and electrolytically stripped

oxide specimens. The quality of the X-ray diffractometsr patterns obtained
for this material was not always considered optimum. The large grain size
of the starting material and the associated anisotropy of f£ilm growth

yielded results difficuit to interprot. This was particularly true for
spacimens oxidized at 1600°F,
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(a) 100 Hrs/1600°F  Note Relatively
Thin Oxide Bcale.

{c) 1000 Hrs/1800°F Note Irregular
Oxide Scale,

FIGURE 41 Typical Scale and Subsuale Morphology Produced in INCO 713€
Oxidized for 100 Hours in Static Air, Mounted on 8:1 Tapars,
Etched with 2% Chromic (280X),
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M4604
(b) 100 Hrs/1800°F Note Subscale

Protruding through Original Oxide
Scalse,

M3951 p

(d) 1000/2000°F Note Multl-Phase
Oxide and Coarsened y'.
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TABLE XXVII

TYPICAL X-RAY PATTERN OF PRODUCTS SPALLED

FROM INCO 713C AFTER 100 HOURS/2000°F IN STATIC AIR

h k1
Spinel(a) Spine1(b)
cublc ¥-Al50; cubic
dtbh  1/1 (ag=8,200) Trigonal (ag=8.08k)
3.46 VW - 012 -
2,82 VW 220 - -
2,85 VW - - 220
2,84 W - 104 -
2,49 S a11 - -
2.43 M - - 311
2,37 VW - 110 -
*2,20  VVW - - -
2.08 VW - 113 -
2,03 W - - 400
*1190 va - - -
1.7 VW - 024 -
1.69  VVW 422 - -
1.867  VVW - - 422
1,60 W R11 116 -
1,66  VVW - - 511
1.64  VWW - 211 -
*1,526 VVW - - -
1,466 VW 440 - -
*1,440 VVW - - -
1,430 VW - - 440
1.403 W 124 -
1,373 W - 030 -
1,360 VVW - - 531
1,238  VVW - 1:0:10 533

§ = strong; M = medlium; W = weak; V = very

% Unidentitied lines

(n)
(b)

Most probably NiCrgOg4

Most probably NiAlgO,
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TYPICAL X-RAY PATTERN OF PRODUCTS ELECTROLYTICALLY STRIPPED

TABLE XXVIII

FROM INCO 713C AFTER 100 HOURS/2000°F IN STATIC AIR

acd)

4,70
3,50
3,27
2.87
2,88

2,61
2,45
2.38
2.30
%*2,26

2.20
2,13
2,08
2.02
1,98

1.7
1,70
1,85
1,63
1,60

1,586
1,51
1,465
1.431
1,405

1,371
1,310
1,230
1.160
1,125

1,079
1.0686

1/1p

Zém zméss méézs §zms_§ éésms mEKEX

VW
w

w
vw

* Unidentified

(a)

Most probably NiAlgO4

h k1
Spine1'®)
o-AlgOg Cubic Ti0g TiN
Trigonal (ag=8.104) Tetragonal Cubic
- 111 - -
012 - - -
- - 110 -
- 220 - -
104 - - -
. - 101 -
- 311 - 111
110 - - -
- - 200 -
- - 1m -
- - - 200
113 - - -
- 400 - -
202 - - -
024 - - -
- - 211
- 422 - -
- - 220 -
118 - - -
- 511 - -
018 - - -
- - 310 -
- 440 - -
124 - - -
030 531 - -
- - 311 -
1'0:10 633 - -
- - 212 -
- 640 - -
134 - - -
226 - - -
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The microprobe analysis data which is summarized in Figure 42 when combined
with the x-ray phase analysis and general microstructures indicate the
following oxidation behavior for this alloy,

As indicated in section 4.2,1, short-time exposures at 1600"F produce N1i0O
with Ni(Cr,Al);0, overgrowths. Increasing the exposure to 100 hours yields
a surface scele containing mixed o=CrzO; and NiCryO; spinel oxide and an
aluninum~-rich subscale (probably Al,03). After an exposure of 1000 hours
Little change occurs. At 1800°F the (Al,Cr)g0; subscale protrudes through
the original NiCrgO; oxide in igolated regions see Figure 41(b) which
induces spalling. After 1000 hours a heterogeneous scale 1is produced
containing NiCrgOy, &=-A1;0, and an unknown phase®*. 8ince the alloy contains
considerable Cb, oxides containing this element were suspect. A microprobe
analysis was performed but no increase in Cb was detected in the oxide.
Exposure for 100 hours at 2000°F produced spalling between the Ni-Cr rich
(NiC1,04) and the Al containing oxides (Alz0s; and NiAl,04). Continued
exposure produces increased amounts of «&-Al;0,, NiAl;0, and internal oxides
of CryO;, T10; and TiIN. Although this nlloy contains less than 1%/, Ti,

an analysis of oxide protrusions formed after 1000 hours indicated sufficient
Ti0; for detection (> 10V/y).

Referring to the microprobe analysis of this alloy (Figure 42) three features
are noteworthy:

(a) increased Al in the scale with increasing temperature.

(b) the elimination of suboxide Cr depletion at 2000°F. 1In fact, there are
indications of Cry0; intcrnal oxide formation.

(c) the absence of Mo in the oxide and the obvious concentration buildup
below the oxide scale.

A summary of the main stages of oxidation for this alloy as a function of
time and temperature are given in Figure 43.

4.2.7 U-700 and Rene 4) Oxidation

A thorough evaluation of the scale and subscale processes and their rates of
formation have previously been determined for U-700 and Rene 41(3),
Therefore, these studies were conducted to determine some of the features of
their oxidation behavior to establish a bagse line for other studies which were
performed. Of prime interest are the general microstructures and oxidation
measurements for later comparison with flame tunnel and surface preparation
test specimens.
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Figure 44 shows the typical oxide morphology and Table XXIX summarizes the

- netallographic measurements for U-700. This sequence of misrostructures

e depicts the marked influence of less noble element activities on the subscale

o morphology and the subsequent oxidation behavior. A microprobe analysis
taken from the same specimens is illustrated in Figure 45 and shows the 3
respective compositional changes that occur in the oxide film. At 1600°F the i
scale 1s primarily Crg0O,, NiCryO with trace quantities of Ti0p or NiTi0;,
The internal oxide consists of a fine dispersion of Al;0;. The activity
of the Al in soiution is thus considered relatively low as compared to
Cr. At 1800'F the scale still contains Cr-and Ti-base oxides but the uctivity
of Al has increased considerably, This latter effeact is evideunced by the
shallowneas of the internal oxide penetration and the agglomeration of
Alz0; along sub-grain boundaries. 8ince internal oxidation is controlled
by both cation and anion diffusion, this I 0. thickening implies accelerated
Al diffusion at this temperature., At 2000°F the activity of Al has increased
to the point where scale formation is thermodynamiocally favored. The
microprobe analysis clearly inuicates the formation of a dense Al;0; subscale,
The fact that there is no Cr depletion in the subscale region is further
evidence that Cr-~base oxide formation is no longer favored. The absence
of internal oxides at this temperaturo is not unusual since the subscale oxide
contains tho least noble constituent in the alloy and there are no slemonts
availabie which will reduce Alz0; at the scale/metal interface to form
internal oxides, The increased aluminum activity observed with increasing
temperature is considered a result of y dimlolution as indicated by the

v measurements in Table XXIX. Hence at 1800°F sufficient y dissolution

) ~ ocours to produce & relatively dense I.0. network., It should be emphasized

: that the sequence of microstructures shown in Figurc 44 is not to be

alternately considered representative of the progressive oxidation at any

one temperature., Each of the structures shown i8 representative of that

temperature and increased test time influences only the magnitude of the re-

actions indicated.

Lol iRt e

The typical scale and subscale reactions for René 41 after various time-

] temperature exposures are shown in Figure 46. The corresponding metallographic
measurements are presented in Table XXX and the results of the microprobe
analysis are summarized in Figure 47, The extent of internal oxidation
displayed by this alloy is greater than uny of the other alloys evaluated.

In contrast to U-700 behavior, the type of internal oxidation observed is

. - independent of temperature. However, this behavior may also be explained

by considering the thermodynamics of the system. Constitutionally René 41
contains more Cr, one third the Al and the same Ti content as U-700, It is
the activity balance between Cr and Al which dictates the nature of the
oxldation process., Hence,although Y' dissolution also occurs in this allov
the aluminum activity never surpasses the large Cr activity and a CrgOy

oxide scale and an Alz;O; internal oxidation zone prevails at all temperatures
and times. In fact, it is this moderate concentration of the less noblc
aluminum that causes the excessive internal oxidation, since Cr,0, w.ll always
ﬁ. dissociate at the oxide/metal interface providing 0% for the formation of a
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more stable Al 0y oxide. The morphology of the internal oxides does imply
gontrol by Al diffusion as discussed in the following section.

4.2.8 Internal Oxidation Kinetics for René Y aund Renéd 41

The two sheet alloys Rend Y and René 41 were the only .lloys studied which
exhibited a continuous internal oxidation zone over the time and tsmperature
range of oxidation studied. If the formation of these internal products 13
diffusion controlled, the advance of the internal oxidation front should
follow parabolic kinetics defined by the following equation:

Skt +C (6 )

Where & w depth of I.0, or I.0,0, from metal oxide
interface in mils/side(assumes metal/oxide
interfac¢e equals original metal surfmce and
interface movement <<J§ )

K w parabolic rate constant (mils®/hr)
t = time in hours
C = oonatant
The parabolic nature of the procoss is demonstrated for theso alloys by the

linear relation between # ® versus t shown in Figureos 48 and 48, The

resultant rate constants (K) calculated from the slopes of these curves are
tabulated below:

Rate Constant "K" (Mi1® Mr)

Teomp

_oF Rend 41 Rond Y
1600 5.45 X 10°¢ 1.8 X 10°4
1800 2,41 x 107® 4,80 x 107%
2000 1,62 X 1078 1,37 X 1073

The relation betweon "K" and temperature is given by the
genernl rate equation:

K n‘A uxp (— %f) (2)

A plot of log K versus 1/T yields a straight line illustrated in Figure 80,
the slope of which represer 1 tho activation onergy for the process. By
combining Equations (1) and (2) empirical equations may be derived reproesenting
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the depth of internal oxidation as a function of time and temperature:

747,000
For René 41 § 2 = [8.81 x 10° exp - \""i'rr_ ) Jt + 0.30

For René Y £° - [8.32 exp - (3;8_},{%99 > 1t + 0.20

These equations are considered valid between 1600 and 2000°F for 50-1000
hours wi'h an accuracy of + 0,25 mil/side,

It can reasonably be assumed that internal oxidation occurs in these alloys
by dissociation of the surface oxide scale (Crg0O; in both cases) at the
oxide/metul interface. Further, assuming that the oxide/metal interface

is stationary Gﬁzg), the partial pressure of oxygen above the internal
oxide region is maintained at the dissociation pressure of the lowest oxide
of the base metal and the problem could be reduced to one in which the
surface oxide rcan be neglected, Rapp“e) has shown that where oxygen
diffusion through the matrix is much greater than the cation diffusion;

gt alelet @

Where No = mole fraction of oxygen at the external surface
(oxide/metal interface)

Do

ditfusivity of oxygen through base metal

t time

Np = mole fraction of less noble solute which forms IGO

This would suggest similar activation energies for both alloys since No
Do products are nearly equivalent., But the computed activation energies
for the twe alloys are considerably different indicating that in René 41,
cation(A1+++) diffusion may be a governing factor. Evans(?) has cited
examples of internal oxide segregation at grain houndaries similar to

René 41, He indicates that the presence of minor constituents with a
great affinity for oxygen (i.e., Al) will favor grain buundary penetration
at a parabolic growth rate. The activation energy of 47 K cal is therefore
considered to represent control by Al**", not OF diffusion. It should be
pointed out, however, that the Al diffusion in the bulk metal is not the
same as that in the y' dissolution zone due to the larger concentration
gradient present in the latter. The activation energy for Rend Y may more
closely represent 0" diffusion control.
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4.2,9 Cyclic Oxidation

To better define the extent of oxide spalling which might be experienced
during jet-engine operation, cyclic oxidation tests were performed.
Although theme tosts were to be conducted only on IN-100 at 2000°F, the
practical importance of this aspect of the oxidation behavior warranted
additional evaluation. Therefore, cyclic teste were conducted for 400
hours on IN~100 at 1600, 1800, and 2000°F., In addition, Inco 713C was
tested at 2000°F and comparative tests were conducted on René Y and
Hastslloy X at 1800 and 2000°F,

The weight change results after eighteen 23-hour cyclees compared to similarly
treated imothermal test specimens are shown in Table XXXI. Thermal cycling
promoted spalling and as a result increased the rate of material degradation.
Cycling promoted spalling of IN-100 at 1600, 1800, and 2000°F, but was par-
ticularly deleterious to Inco 713C where all the oxide formed was lost.
Measurements on ihese two alloys after cyclic exposure at 2C00°F indicated

9.5 £ 0.5 mils/side metal loss. The I.0, and y'dissolution zones were similar
to the isothermal specimens. In view of the fact that metal loss measure=-
ments for the isothermal specimens were almost nil (within the accuracy of

measurement) cyclic effects can markedly influence tho load-bearing capacity
of a materinl,

X-ray identification of the spalled products from both the cast uallays

showed only NiO and Ni(Cr,Al)40,, indicating that the surface became enriched
in Al and Ti oxides. The excessive spalling, which is no doubt associated
with the heterogeneous oxide formation, may be more directly related to
incoherency bhetween Ni-Cr and Al-base oxides. However, a detailed evaluation

of the cyclic effect would be required before a more specific mechanism can
be defined,

The results of the cyclic tests performed on René Y (Hastelloy X + La + Mn)
and Hastelloy X clearly shows the improved scale adherence and oxidation
resistance achieved by minor additions of lanthanum and manganese.
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_ TABLE XXXI
CYCLIC OXIDATION WEIGHT CHANGE AFTER 400 HOURS EXPOSURE

R )

IN-100 ‘
Specimen Weight Change (mg/on’) Cyelie : ‘
Temperature Number lsothermal Cycl:l.c(a)- Spalled Product .
e i
IGDO‘b) 1 2,94 + 1.,86% (+ 2.43)
2 2,87 + 1.76% (+ 2.77) 1.80 i
: Average © 2,1+ 1,80% §+ 2,60) .o
1800 +1,86% (+1,80) = 7.72% (+ 3.28) 1
2 +3,00% (+2,08 - 8,43% (+ 2,88 11,12 : i
Average +1,83% (+1,88) =~ 8,07% (+ 3.0 ;
2000 1 -0,24% (+1,88) = 4,74% (+ 4,39) i
2 -0,26% (+1,74) - 4,26% (+ 4,08) 8,73 ) :
Average -0,25% (+1,80) - 4,80% (+ 4,23) oo
. o
INCO 713C "
!
2000 1 +0.21% (+0,48) -21,30% (+11,70)
2 +0,32% (+0,58) -28,20% (+12,19) 36,74
Average +0,27% z+0.525 -24.79*-i+11.955
Rene Y
|
1800 1 +1.21% (+1,36) + 1,44% (+ 1.48) 0.02 (o
2000 1 +1.,88% (+1,98) + 1,80% (+ 1,87) 0.07 . I
,i,
Hast X ’
1800 1 _ +1.80* (41.88) + 0.15% (+ 1,31) 1.16
2000 1 -0,19% (+3.14) - 0,i%% (+ 3,29) 3.44
(a)

Eighteen 22-Hour Cycles to Room Temperature
(b) Isothermal data from previously conducted static oxidation tests,

* Indicetes épalling with value in parentheses the W/A of specimen
plus spalled products.
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4:2.10 Cogpnrilon of Goneral Oxidation Behavior

To permit an evaluation of the gross oxidation behavior of the alloys bar
charts have been compiled which compare the average extent of attack. Both
weight gain and internal oxidation effects Are presented since neither by
itself provides a good measure of ox:idation resistence.

Figures 51 through 83 compare the total oxidation weight gain of the alloys

@ furction of time at 1800, 1800, and 3000°F, respectively (see Table VIA
for actual data). " 1The .bars represent the weight change of specimen, including
any lplliing prnducod during cooling from tomporuturo. At 1600°F the weight
gains of all alloys except IN=-109 and Rene 41 are similar. Except for SM=-200
and Inco 713C, the total weight ga’n also increases with exposure time. The
apparent decrease in weight change for SM-300 and Inco 713C after 1000 hours
may indicate oxide vclatilization, At 1800 and 2000°F spalling is observed
for a1l alloys except Reme Y. Also, the fact that the weight-gajin values
actually decrease with increasing temperature for some alloys indicates that
. oxide volatilization may even occur in relatively static air, Therefore,

.  weight-gain measurements should not be used as a conclusive means of assessing
N the oxidation resistunce of thess superalloys.

Figures 54 through 58 i1llustrate the extent of internal oxidation produced in
the alloys as a function of time at 1600, 1800, and 2000°F, 7The metal loss
has purposely been omitted trom these chlrts since the obmerved thickness
changes for all alloys was Wwithin the accuracy of measurement (+ 0.5 mil/side).
As reported for the weight-gain results, some discontinuities werealso observed A
in the internal oxidation measurements at 2000°F or after long times at 1800°F,
In general, these apparent anomalies can be attributed to difficultie: in o
identifying the initial oxide/metal interface due to the spalling that occurs. .
Also, in many cases the I,0, that exists at low temperature isconverted to .
suboxide at the higher temperatures, as previously pointed out for SM-200
and U-700,

4.3 Flame Tunnel Oxidation

4.3.1 General Appearance

The general appearances of the alloys after 300 and 1000 hours exposure to
high velocity combustion products of natural gas at 1800 and 2000°F are
illustrated in Figures 57 and 58, reapectively. The specimens tested at
1600°F displayed relatively thin oxides whose anisotropic growth revealed the
grain structure of the cast alloys.
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FIGURE 51

Comparison of the Average Wei,at-Gains During Static Air Oxidation at 1600°F.
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Comparison of the Average Weight-Gains During Static Air Oxidation at 2000°F.
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Comparison of the Intermal Effects Produced During Static Air Oxidation at 18GOPF.
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FIGURE 56

Comparison of the Internai Effects Produced During Static Air Oxidation at 2000°F.
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The Gemeral Appearance of the Alloys After 1CO and 1000 Bours Exposure to Bigh Veloci

Combustion Products of Natural Gas at 1600°F.

FIGURE 57
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Ac 2000°F both similarities and large differences were observed in the
macroscopic appearance of oxides producas on those allays, Rene Y, which
axhibited the greatest oxidation resistance (bused on weight-gain data), ulso
displayed the most tenacious oxide scale. This oxide scale was generally
black with some brown scaling oxide which became evident on the edges during
the last 200 hours of testing. In-100, SM=-300, and Inco 713C exhibited
saimilar-appearing oxides with characteristic greenish-brown oxide protrusions
in a silver and green oxide background, IN~100 contained the least amount of
oxide ovargrowth and Inco 713C the most, U=700 sxhibited an oxide mixture of
varying shades of greeun, René 41 exhibited u brownish oxide base with a green

oxide overgrowth which was porous. All alloys displayed some evidence of oxide

spalling or orolion‘arter 1000 hours exposure with Rend Y and Inco 713C least
susceptible and Rone 41 and IN-100 showing the greatest attack.

4.3.2 VWeight Changes

The average incrementul and total weight change whioh occourred during the first

400 hours of test at both 1600 and 3000°F is tabulated in Table VIIA. The
1000-hour weight change data for the 1600 and the 2000°F tesite are given in
Tables VIIIA and IXA, respectively, Summary curves showing the variation in
welght with test time at 1600 und 2000°F are presented in Figures B89 and 60,
respoctively. A summary of the surface reaction products formed during flume
tunnel exposure at these two temperatures is given in Table XXXII.

At 1600°F (Figure 88), with the exception of Rensd Y, the alloys exhibited
little difference in weight-gain behavior. Rend Y was the only alloy which
displayed a weight lomss for each 100-hour test increment. In view of the test
variables which include thermal cycling to 1000°F, the weight change measured
must be considered a result of:

(a) Increased weight due to oxygen and nitrogen reaction,

(b) Decreased welght due to vaporization of cxides where the weight loss
is at least double the gain of oxygen.

() Deocreased weight due to oxide spalling and/or erosion where the
losses can again be more than double the oxygen weilght gain,

At 1600°F the mspalling and erosion effect is asmsumed negligible, hence the

weight changm can be consldered the result of (a) minus (b).
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TABLE XXXII

X-RAY IDENTIFICATION OF REACTION PRODUCTS FORMED ON VARIOUS ALLOYS
DURING FLAME-TUNNEL EXPOSURE

Temp Time Type

°F Hrs. Spec Reuction Producta(a)
René Y
1600 400  (b) MnCryO, (ac=8.44}) + aCry0,
1000  (b) MnCr, 0, (aom=8.43R) + aCry0, ‘
i
2000 100 (b) MnCry 0, (agm8.44}) + aCry0,
1000 (b) MnCr, 0, (ag=8.421) + aCr,0, + unidentified lines
IN-100
1600 400  (b) N10 (ag=4.20}) + Spinel (aom=8.35})
1000  (b) NiO (ag=4.19]) + NiT10, + Spinel (ag=8.24})
2000 100  (b) Spinel (ap=8.141) + NiT10,
1000 (b) Ni0 + Spinel (ag=8.108) + A1,0, + TiN
. SM-200
! 1600 400  (b) N10 + Spinel (ag=8.38}) + TiQ, + QAL O (VVW)
: 1000  (b) Ni0 + NiTiG,
2000 160 (o) NiO + Spinel (ag=8.26}) + NiT10, + Spinel (ac=8.07})
' 1000  (b) NiO + Spinel (ng=8.24A) + NiTiO, + Spinel (ac=8.16})
Inco 713C
1600 400  (b) Ni0 + ofr,0, + Spinel (ao=8.341}) |
1000  (b) N10 + 0AL,0; + Spinel (ap=8.34})
2000 100 ) Ni0 + @Al0, + Spinel (ao=8.08-8.34}) + Tiq,
1000  (b) Ni0 + @AL;0, + Spinel (ao=8,20})
U-700
1600 400  (b) N1i0 (ag=4.17) + Spinel (ap=8.37) + Cr 0,
1000 (b) N10 (ag=4.20}) + Spinel
2000 100 (b) NiTi0;, + (A1,Cr),0,
1000  (b) Spinel (ao=8.30}1) + NiO (ug=4.16}) + NiT10, + Cr 0,
René 41
1600 400  (b) N1i0 (aom4.17}) + Spinel (ag=8.38}) + o€r,0, + TiN
1000 (b) Ni0 (ag=4.191) + Spinel + oCry0,
2000 1000  (b) Ni0 (ag=4.19}) + Spinel (ag=8.36}) + oCrg0, + NiTi0,
(a)

Listed in order of decreasing predominance as indicated by X-ray intensities
: (b)Diffractometer trace of oxides in situ.
? (C)Dobye Scherrer analysis of scraped oxide. '
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Referring to the nature of the reaction products formed on these alloys,
René Y is observed to form oxides based on Crp03, whereas the other alloys
contain Ni0O or Ni-Al-Cr base oxides. The volatilization of Cr;0s-base
oxides as compared to NiO or Ni-Al-Cr oxides is therefore ronsidered
responsible for the slight weight logs exhibited by Rene Y. The vola-
tilization rate constant of CryO; when exposed to stutic oxygen has a
temperature dependence given by

Ky = 0.214 exp (-48,800 + 3,000/RT) gn/cm® sec”(19)

Since the oxide scale on René Y is approximately 80% Cry03, & calculated
volatilization welght loss of =0.63 mg/cm would occur during the 1000~hour
test at 1600° F However, assuming an oxygen weight gain for the same period
of +0.85 mg/cm (trom static test data) the net weight change during the

flame tunnel test should have been +0.20 mg/cme, which is considerably higher
tnan the -1,33 mg/cm ohaserved, Since erogion and spalling effects sre

not considered responsible for the additional weight loss, the dynamic
atmosphere apparencly promoted volatilization. The extent of volatilization
for the other alloys is illustrated in Tahle XXXIII, indicating that those
alloys rich in chromium are most subject to volatilization. However, this
does not imply that those alloys showing a net weight gain were not also
subjected to volatilization logses. The presence of predominantly NiO

rathes than a Cry0; -base oxide indicates that the weight gain by oxygen
reaction was simply greater than the volatilization loss., For the cast alloys
the net gain was greater than that measured after equivalent static

oxidation testing. Considering that it requires the reaction of approximately
four moles of Oy to compengate for thc weight loss due to volatilization

of one mole of Cry0; (or Cr0;), the oxidation rates of Lho alloys in the

fleme tunnel must also be significantly increased at 1600°F.

Figure 60 illustrates that exposure in the flame tunnel at 2000°F yields

net welght losses for all alloys with René Y being the least susceptible,

A 1000-~hour exposure produces a welight loss for Rene Y which 1is one-third
that of the next best ailoy (Inco 713C, =-40.2 mg/cm”) and that predicted
cemploying Cry O3 vaporization dntucla), agsuming 90% Cr,0; in the oxide scale,
Honce, very little erosion or spalling occurs for this alloy, as verified

by the appearance., If the {lame-tunnel atmosphere increases the oxidation
rate at 1600°F, it will also increase it at 2000°F and therefore probably
enhance gpalling. Thus the large weight lousses for the other alloys may

be attributed primsrily to vclatilization and spalling., The fact that oxide
kuildup and spalling occurs predominantly at the edges and corners of

specimens accounts for the alteration in the shape of the coupons observed
after test.

134

VAP s 2]

¢ . L g 1= e

NG i DD -3




- R s

w2, .
3la

TABLE XXXIII

VOLATILIZATION DURING FLAME TUNNEL TESTING

mg/cn® for 1000 hr/1600°F

Alloy Static(n) Dynamic
ﬁene; Y | 4 6.85 ; 1.357
IN-100 + 3.20 + 2.45
SK-200 + 0.57 +1.10
U-700 + 0.87 +1.,78
INCO 713C + 0.40 +1.38
Rene’ 41 4 3,23 +1.15

(#) From static weight gein data.

Volatilization
Weight Loss

(mg/on®)

-2.10

- 0.75(b)

- 2.08

Prime Réactlon

Products at 1600°F

MnCrg O, , Crg0y

NiO, apinel

NiO, spinel, o-Aly05
NiO, spinel, Alg04
Ni0, ao-Al,05, spinel

NiO, spinel, Cry04

(b) May be increased spalling since spalling is observed in the
gtatic test after 1000 hr/1800°F.
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4,3.3 Oxidation Reactions

The morphology of the reaction products on the alloys after exposure to

high velocity combustion products at 1800°F are illustrated in Figures 61
through 83, The extent of the internal oxidation features as a function

of time at 1600 and 2000°F are presented in Tables XXXIV and XXXV, respectivsely.
A bar graph summarizing the depth of affected metal in the alloys after

1000 hours exposure at 1800 and 2000°F is given in Figure 64. A compariwon
of these data with comparable static oxidation test results indicates the
extent of oxidation in the flame~tunnel atmosphere to be significantly more
severa. The best measure of degradation is obtained by combining the metal
loss and 1.0, measurements, This permits the following ranking of alloys in
order of decreasing resistance to the flame-tunnel atmosphere:

Ranking 1600°pF 2000°F
1 Inco 713C Rend Y
Do oy
4 U=-700 Inco 713C
B René 41 IN-100
6 IN=100 Rene 41

All alloys rank simllarly at the two test temperatures with the major exception
of Inco 713C which shows lower resistance at the high temperature because of
excessive oxide spalling and deep internal oxidation. However, if all facets
of oxidation ars considered (weight gain, appearance, and internal effects)
René Y displays superior resistance to the flame-tunnel atmosphere, It is

of interest to note from the above ranking that contrary to some views the

resistance to a dynamic atmosphere is not solely dependent upon the Cr content
of the alloy,

The microstructiral features observed during exposure at 1800°F (Figures ol
through 63) do not differ significantly from those observed after an equivalent
static oxidation test.

The reaction products formed during the high velo.lty flame~tunnel tests after
1000 hours at 1600 and 2000°F, as identified by X-ray diffraction (see Table
XXXII) and microprobe analysis, are summarized in Table XXXVI. For comparison
purposes the reaction products formed during equivalent time static oxidation
tests have been included. A considerable difference is observed between the
static reaction products and those produced in a dynamic atmosphere. With the
oxception of René Y which displays little alteration in the form of oxide products,
the prime difference is the lack of chromium=-rich oxidas after dynamic testing.
This is attributed to volatilization of Cr0;. René Y iz not subjected to such
depletion due to the formation of a protective layer of MnCryO, spinel.
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280X M4019 280X M3178
a) 1Inco 713C After 100 Hours b) 1Inco 713C After 1000 Hours

"/'I\.)u‘-)- I o .
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260X M4027 250X
a) Rene Y After 100 Hours

M31s4

b) René Y After 1000 Hours

FIGURE 61 Typical Oxide Morphology Produced in Inco 713C and Rend Y After
Exposure to High Velocity Natural Gas Combustion Products at
18600°F, Mounted on 5:1 Taper Section. Etched in 2% Chromic.
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280X

M4048 . 250x M3183

a) IN-100 After 100 Hours b) IN-100 Aiter 1000 Hours

2580x M4024 250x M3182
a) SM-200 After 100 Hours b) SM-200 Alter 1000 Hours
FIGURE 62 Typical Oxide Morphology Produced in IN-100 and SM-~200 after

Exposure to High Veloclty Natural Gas Combustion Products at
1600°F, Mounted on 3:1 Taper Section., Etched in 2% Chromic.
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250% ' M4023 280X M3181
a) U-700 After 100 Hours b) U-700 After 1000 Hours

250X M4020 250X M3179
a) Roné 41 After 100 Hours b) Renéd 41 After 1000 Hours

FIGURY 63 Typical Oxide Morphology Produced in U~700 and Roné 41 After
Exposure to High Velocity Natural Gas Combustion Products at
1600°F, Mounted on 5:1 Taper Section., Etched in 2% Chromic,
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4,4 Oxidation of Rend Y

The superior oxidation resistance displayed by Rend Y during the course of
this investigation has promptod additional studies to determine the basis for
its behavior,

4,4.1 Rend Y Vorsus Hastelloy X

Rend Y is basically a modified Hamtelloy X containing 0.16 w/o lanthanum amnd
additional manganesoe to 1.0 w/o. Although the modifications are slight, the
following improved oxidation features werv observed in the course of this
investigatd on:

(a) Inoreased scule udherence
(b) Stabilized oxide scale in a dynamic environmont

(c) Decronsed oxidation rate

To establish if differences in the composition of the oxide scales could promote
this improved behavior, electron microprobe and X-ray fluorescence analyses
were conducted, EMX traces obtained from both Hastelloy X and Rend Y after

o static air exposure aut 2000°F for 100 hours are illustrated in Figure 68.
Although the base metal compositions are similar, the composition of the

oxide phases differed considerably. The 1.0 w/o manganese originally present

in Rend Y builds up in the oxide to 20-30 w/o as verified by X-ray emission
analywsis, whereas the 0.7 w/o manganose present in Hastolloy X concentrutes

to only 8 w/o in the oxide scale. Similarly, the concentration of chromium

and nickel in the oxide scale of René Y is congiderobly less than Hastelloy X.
Thus, Rend Y exhibits an oxide of CrgO; overgrown with MnCr,0, with no nickel

in solution. Hanstelluy X, on the other hand, exhibits an oxide consisting of
NiCry O, apincl overgrown with (Cr,Mn),0,. On the basis of flame tunnel tests
conducted on these two matoerials, i: can bo concluded that the MnCr, O, spinel
ovorgrowth minimizos the volatilization of Cr,0, and stabillizos the oxide scale.

The inoreaso in the concentraiion of manganese in the oxide scale of Rend Y

14 not considered simply the result of additional manganese since it contains
only 0.2 w/o more than Hastelloy X. Rathor, it is postulated that the nctivity
of the manganese is increased by the small amount of lanthanum prosent in the
alloy. The micruprobo analysis aleso shows that lanthanum effectively reduces
the participation of niockel in the oxide scale. Previous studies at this
laboratory on a Rene ¥ alloy with lanthanum but without manganese support

this hypothesis since a Cr;0, oxido was promotod with no evidence of a NiCr,0,
spinel, which would be tho expected oxide product.
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vorsus a Cr,0, oxide (60 w/o Cr + 5 w/0 Mn) on thao

surfaco of Hastolloy X, Both alloys have comparable
amount of Mn,
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4.4.2 Role of Lanthanum in Rend Y

A study was also made to determine thn distribution of lanthanum in René Y
and the manner in which i1t participates in the oxidation reaction., This
study was considered necessary to determine the role of lanthanum in
improving the oxidation behavior of Hastelloy X.

A thorough analysis of the René Y hase material employing the microproke
revealed lanthanum-rich particles {which were not oxides) located primarily
in grain bYoundaries and associated with base metal carbides. A waveleugth
scan across the particles indicated relatively high concentrations of moly-
bdenum, silicon, lanthanum, and carbon, The fact that the lanthanum-rich
particles revealed no more oxygen than the matrix and the absence of particle
fluorescence when prohed by tho EMX was consldered sufficient evidence to
indicate that the porticles wore not oxides. The particles could be detected
metallozraphically but always appeared diffuse or in relief, Attempts to
extract the particles for X-ray diffraction analysis were not auccessful since
an X-ray fluorescence analvsils of the extracted residues did not detect La.
Since the rare-earth carbides do decompcso in air to form acetylene, it s
postulated that the lunthanuu-containing particles arc complex Mo-Si-La
curbides which are not stable when exposcd to air.

A number of microprobe analyscs wore conducted on the surfoce oxide and at the
oxide/motal interface to determine the lanthanum distribution. The results
of this Investigation are summarized schematically in Figure 66, In the
center of tiils figure is a schematic of the oxlde formed on René Y. Each
numbored dashed lince represents probe traces for lanthanum with the ianthanum
concentration profile presented parallel (o the trace. The results showed
significant lanthanum conceatrations gglz in the cusps or fingeis of the
oxilde scale which extond into the matrix metal and not in the internal grain
boundary oxides or the scale per se. These results were verified by taking
microprobe analyses across several locations along the scale/metal interface.
Thus, the results support grain boundary "keying” as the mechanism tfor
increased scale adherency. Investigations were also conducted using the
electron microscope to determine 11 La-containing oxide films were formed
along the oxide/metal interface. No indications of such films were found.

On the bagls of these findings, the following mechanism is postulated to
explain the enhanced oxidation resistance of Rend Y. ‘The lanthanum originally
present as o carbide phase goes into solution during oxidetion providing a
continuing source of lunthanum. The lanthanum diffuses to the oxide/metal
interface where it concentrates at the grain boundasy cusps adjacent to the
oxide. These La-rich cusps then serve us mechanical "keye" with the matrix
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to minimize the interfacial oxide/metal shear stress and improve oxide
adherence. The lanthanum also alters the activity and/or diffusivity of
#he nickel, chromium, and manganese in t§e alloy yielding a more stable
spinel oxide, MnCr;0, in the case of René Y. The latter reaction decreases
oxide volatilization and improves oxidation resilstance, particularly in
dynainic environments,

4.8 Effects of Surface Preparation

A limited study was initially intended to establish if variations in surface
tinish grossly affect the oxidation behavior of Ni-base alloys., Due to ths
complexity of the behavior actually observed, however, the scops was expanded
considerably to characterize the main factors which govern the effects of
suriace preparation,

4.5,1 Statlic and Continuousg Weight Gain Oxidation

Specimons used for this study were given three different finishes which
rosulted in different degrees of roughness and surface deformation. They
werc eloctropolished, dry grit blasted, and coarse wet ground., The roughness
of the resulting surfaces were measured with a Profilometer and the average
values obtained are listed below:

Elcctropolished 3u £ 1 RMS
Grit Bl-oted (150 grit AL,0,) 554 + 10 RMS
Wot Ground (50 grit Si0y) 130y + 20 RMS

The scatter in the measured roughness not only reflects variations in the
abrasion resistance of the alloys but also the extent of surface finish
reproducibility, Specimens weve lightly rinsed in methanol-10% HC1,
rinsed in ctharol, and oxidized in electric box furnaces for 100 and 400
hours at 1600, 1800, and 2000°F.

The appcarance of the specimens after testing showed:

(a) Significant difterences in the color of the oxides produced on
specimens with different finishes. The largest differences were
ohserved betweon electropolished and grit blasted specimens,

(b) Genorally, specimens in the electropolished condition displayed the

greatest degreec of oxide spalling, at times exhibiting gross
exfoliation of the surface scale,
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The weight changes, amount of oxidation, and y' dissolution were measured

for each alley as a function of time, temperature, and surface finish and

are presented in Table XXXVII. These data did not exhibit consistent

effects as a function of the test variables, However, there were general
trends and some specific data indicating that grit-blasted finishes produced
accelerated attack. The apparent conflicts in the results were of such a
nature as to necessitato a metallographic re-evaluation on the anomalous
specimens. The extent of oxidation in these duplicates were found to
reasonably agree with the original measurements. Hence, specimen mis-identification
waa dimcounted as the cause of the apparent anomalies, It was noted, however,
that grit blasting and coarse grinding did produce a more irregular type of
attack which in some cases made apsessment of the extent of attack difficult.

There were certain instances where oxidation behavior was definitely affected
by surface preparation. A typical example is illustrated by IN=~100 in
Figures 67 and 68. In this instance a grit blasted surface produced exces~
sive grain boundury oxidation after 400 hours at 1800°F, however the effect
was not ohserved after shorter times of vxposure and was minimized after
exposure to 2000°F (sce Figure 87 and 68). A similar behavior was observed
in cast Inco 713C but not in tho wrought alloys U-700 and René 41.

The results of X-ray diffraction analysis to identify the oxidee formed as
a function of surface preparation (namely electropolished and grit blasted)
are summarized in Table XXXVIII atter 400 hours exposure at 1600, 1800, and
2000°F, Contrary to expectation, large differencus wore not observed in the
oxides formed on the two extreme surface finishes, There were indications,
however, that Cr~basc oxides were favored on grit-blasted surfaces for all
alloys except IN-100, For IN-100 an increase in Al and Ti-contalning oxides
was indlicated for the grit blasted specimens. However, microprobe traces
obtained from identical specimens did not display any pronounced scale
composition difforonces as comparod to fine ground specimens, In an attempt
to clarify the behavior reflected in these observations, the following
additional tests were performed:

(a) Continuous welght-gain testin;: of grit-blasted IN-100 and Inco 713C
at 1800°F to further establish the effect of O,/N; pickup and determine if a
transition time oxisted for good to poor oxidation resistanco.

(b) Static oxidation of both cast and wrought U-700 to determine if the form
of the alloy was an influencing factor,

(c) Oxidation of grit blasted IN-100 and Inco 713C for 400 hours at 1800°F
with a pre~oxidation argon anneal (8 hours at 2000°F) to establish if

surface roughness per se or cold work was responsible for the detrimental
effect observed,
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IN-100 Electropolished

IR-100 Grit Blasted

Effect of Surface Preparation on Oxidation of IN-100 After 400 Hrs/2000°F Exncsure in Air.

FIGURE 68
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(d) High velocity flame tunnel tests on all alloys at 1800°F in the grit
blasted and fine gound condition to determine if the surface preparation ;
effect persisted in a high velocity air flow, {-!

The continuous welght-gain data for grit-blasted IN-100, Inco 713C, and

U-700 (sheet) are presentod in Table XA. Log-log plots of the results for
IN-100 and Inco 713C are shown in Figure 60 and compared to results from
elactropolished specimens. Grit-blasted IN-100 displayed results which
‘contradicted the static test results after 100 hours. This test also
indicated a significant effeut of surface preparation on both weight change
and weight-gain kinetics. The oxidation rate of the grit-blasted specimen

was near lineor, whereas the electropolished specimen displayed near parabolio
oxidation, This would indicate that the grit-blasted specimen did not form a
protective oxide. This fact is supported by metallographic observations where
excessive nitride formation was also observed. Continuous weilght-gain tests
of Inco 713C and U-700 indicated little or no effect of surface preparation, in
agreement with previous static test results after 100 hours exposure.

e DI g

Tests were also conducted to establish if the effect observed was caused by

surface roughness per se or if the resultant surface deformatinn was a prime

factor., Prior to exposure, Inco 713C and IN-100 specimens were grit blasted

and one set annealed for 8 hours 1n argon, This ylelded surfaces of equivalent
roughness but with different degrees of aurtface deformation. The results of

internal oxidation measurements after testing are presented in Table XXXIX,

which indicates that the surface preparation effect is largely attributed to

cold work and not roughness per se. The effect is vividly 1llustrated by the
microstructures shown in Figure 70. To further eftablish differences in the

surface deformation with each type of preparation (grit blast, fine grinding,

and coarse grinding), back vr.flection Lave X-ray diffraction patterns were

taken of the surfaces, Ia the fin~ ground condition (800 grit) Debye rings

and spots were observed. Patterns of coarge ground surfaces (850 grit) produced

a mow diffuse pattern with only faint remnants of Debye rings. The grit=-blasted
specimen, however, gave no pattern at all, indicating a highly cold-worked

surface, The oxtent of this cold work was sufficient ito produce recrystal-

lization of the alloys. With the propsr etching procedure a fine grained, .
evidently recrystallized, structure could be obierved in the y' depletion zone. !
This structure scemed most prevalent in cast materials. '

The influence of surface preparation effects on alloys of different form (l.e., .
wrowght and cast) is demonstrated by tests performed on wrought and cast U-700. ;
The internal oxidati on measurements obtained after exposures of 100 and 400

hours at 1800°F are presented in Table XL and representative microstructures
1llustrated in Figure 71. These results indicated that for relatively short
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TABLE XXX1X

INFLUENCE CF HEAT TREATMENT ON SURFACE PREPARATION EFFECT

INco 7130
Average ,
Time/Temp 1.0, Y Disaclution
(Hrn) (°F) Condition Mils/S8ide Mils/Side
100/1800 Grit Blast + 0.00 0,30
Heat Treated ™
100/1800 Grit Blast 0.20 0.35
400/1800 Grit Blast + 0,00 0.40
Heat Treated *
409/1800 Grit Blust 1,50 2,50
IN-100
100/1800 Grit Blast + 0,00 1,00
Heat Treated *
100/1800 Grit Blast 0.30 0.658
400/1800 Grit Blast + 0.50 1.20
Heat Treated *
400/1800 Grit Blast 1.75 2.75

*
Heat troated 8 hours at 2000°F in argon prior to exposure.
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exposures the cast alloy was most susceptible to detormation-induced
oxidation but the effect appeared to vanlsh after longer exposure times.

The type of attack usuall: casued by surface deformation of U-700 was

highly localized and usuelly present as 1.G.0, as typified by Figure 71, It
was also observed that for equivalent surface preparations the cast

materlal always displayed inferior resistance.

4,5.2 Flame Tunnel Oxidatiom

The influence of surface preparation on the oxidation behavior of René Y,
René 41, U-70C (sheet), IN-100, SM~200, and Inco 713C in high velocity -
natural gus combustion products was evaluated, The general appearance of

the specimens after 100 hours exposure at 1800°F is illustrated in Figure 72
and the weight change results for the cast and wrought alloys are plotted in
Figures 73 and 74, respectively. For the wrought alloys, increased surface
deformation/roughness caused an increasc in weight gain. Since the shapes of
the weight-gain curves for the grit-blasted and [ine~ground specimens were
similar for each alloy, the effect could simply be attributed to the larger
cttective surface area of the grit-blasted specimen. The cast alloys, on the
other hand, displuyed an opposite trend. Except for Inco 713C, the fine
gound surface cxhibited a greater net weight gain. However, the appearance
of the grit-blasted specimens showed more severe oxidation, indicating that

weight change may not be a good measure of oxldat. cn resistance in the flame
tunacl test,

The extent of internal oxldation exhibited by each alloy for the two surface
Tfinishes are shown in Figures 75 through 80. The effect of surface preparation
on internal reaction is less severe in a dynamic as compared to a static
atmosphere. As in the latter caso, the specific effect of surface prepation

is unpredictable., Por example, grit blasting appeared to promote internal
oxidation for IN-100 and Inco 713C but the opposite effect was observed for
SM-200. Also, grit blasting produced increased internal oxidation and
tecrystallization for René 41 and U-700, but for René Y produced a noticeable
decrecasce in the intergranular type oxidation which normally forms.

The reoction proau. .s which formed during the flame tunnel exposure were
idontified omployiug Debyc Scherrer pattemms of scraped oxides. The results

arc tabulated in Table XXXXI. The abscence of Cr-base oxides and the predominance
of the perovskite-type NiTiOy oxide are the main features displayed. With tvo
oxcoptions, no gross difforences are noted in the reaction products formed as

a function of surface treatment. Tho two alloys which displayed the greatest
difference in the type of reaction products formed, namely U-700 and Inco 713C,
were the two most similar alloys with respect to weight gain,
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FIGURE 73 The Effoct of Surface Preparation on the Weight-Gain Behavior

of Cast Alloys During Flame Tunnel Exposure at 1800°F
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FIGURE 74 The Elfect of Surface Proparation on the Weight-Gain Behavior

of Wrought Alloys During Flame Tunnol Exposurc at 1800°F
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FIGURE 75

N-69
(L) ’ .
Rene Y Grit Blasted Surface

Typicul Scale and Internual Reaction as o Function of Surface
Propuration Lor Reuce Y Aftor 200 Hr, Exposurce in the Flame
Tunnel ot 1800°FK 2% Chromlc 500X 4:1 Taper
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(a) U-700 Fine Ground Surface

FIGURE 76
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(b)Y U~700 Grit Blastod Surtiace

Typical Scnle and Intornnl Reaction As A Function of Surface
Propuration for U-700 After 200 Hr, Exposure in tho Flamo

Tunitel at 1800°F 2% Chromic 250x 4:+1 Taper
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(b) Rene 41 Grit Blasted Swurluce
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FIGURE 77 Typlcal Scale und Il}turnu.l Reaction As a Function of Surface
Propurution for Rene 41 Aftor 200 e, Exposure in Lhe Flame

Tunnol at 1800°F.
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(a) IN-100 Fine Ground Surface

N-127

{(b) IN-100 Grit Blasted Surluce

FIGURE 74  Typical Sculo and Internal Roactlon as o Functlon of surface
Proparation Jor IN-100 Attor 200 He, Exposuro in the Flame
Tunnel at 1800°p 2% Chromlc 250x 411 Taper

167

B B 2 T T U SRT I

aade -




(r) SM-200 Fine Ground Surface

FIGURE 79

(b} SM-200 Grit Blusteod Surfuaco

Typiecal Sculo and Intuernal Renction As o Function of Surface
Propacatlon for SM-260 Alfter 200 Hr, Exposure ln the Flame
Tunnel at 1800°F, 2% Chromie 250% 4:1 Tapor
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From the combined results of nstatic and dynanlic tests the following gensral
observations can be cited regarding the effect of surface preparation un the
oridation hehavior:

(a) Effects produced by tho various surfase finishes cen be attributed
primarily to surface deformation and not to roughness per se.

(b) Increased surtfacc doformation promotes internal oxidation. The effoct
1s less severe in a dynsmlc atmosphere,

() The offeoct of suyvface deformation is most pronounced in cast as
compared to wrought alloys. '

{d) No large differences *n the oxide scalo composition have been noted as
a function of surface deformation.

Although the general effects nf surface preparaion on the oxidation of these
alloys have been determined, the specific mechanism(s) responseible for the
effects has not been defined. The mechanism no doubt involves deformation-
induced diffusion hut establishiug the exact mode would be difficult. This
difficulty stems from the inconsistent results obtained and the many variables
which appear to affect the process. Among the variables causing this complex
behavior are:

(n) Toemperature and time

(b) Alloy form (cast-vs=wrought)

(¢) Alloy composition

(d) Uniformity ot the surface finish

(s) Type ol atmosplhere (static-vy-dynamic)

A morc critically designed exporiment is considered ncecossary to soparato

theso variublos and churacterize the surfaco preparation cffect. Such aon
oxporimont wus beyond the scope of this program,
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V DISCUSSICN

The results of the kinetics analyses poriormed indicated definite
similarities in the oxidation behavior of the alloys. However, a true
kinetic characterization of the oxidation mecheanisms was masked by the
complex interplay of heterogeneous oxidation, spalling, and oxide
voiatilization. In general, the linear oxidation observed reflects the
spontaneous nucleation or penetration of oxide colonies through the
initial oxide layer and subsequent coalescence or lateral growth to form

a relatively continuous phase as observed in the thin {ilm etudies. The
parabolic oxidation rate is associated with continued oxide growth by
diffusion processes. The slower parabolic or cubic rates observed are
indications of oxide interuaotiomns, porosity formation, and volatilization.
The decelerating kinelics observed for IN-100 and in some cases SM=200 and
Inco 713C denote oxlde spalling or excessive volatilization, Tho hoter-
ogoneous nature of the oxidation observed on the cast nlloys suggests that
two or more of these processes are occurring simultaneously at different
locations on the surface, thus further complicating the measured kinetics,
Hencw, oven 1if the atomic processes govorning oxide growth could be ascertained
such models would be of Jittle value in view of the intermixtuve of oxides
prosont.

It 18 well to omphasize hore the lack of a4 direct relatilon botweon weight-gain
data and the extent of intornal oxidation veactions, The internal oxidation
process involves irocactions botween the less noble constituents of the alloy
and oxygen which hus already rcacted with tbhe surfuce to torm a scale., The
weight gain reflects the_amount of oxygen required to form the surtface scale.
Subsequent solution of O at the oxygen/metal interface through scale dis-
sociantion and ity diftusion into the moetal to react with the least noble
solute it encounters involves no increasc of mngs by the sumple and thus no
additionnl weight guin, Hence, the weilght goin does not rofleect the oxtent
of internal oxidation per se, This does not infoer, however, that internal
oxldation reactlons do not affect the scaliug procoss indircctly by oithor
tying up the most reoactive cations before thoy can be concoentrated and
incorporated ns part ol the surface oxide or by providing u sink for the
oxygun lons which in olfect causes n roduction in tho scale thickness,
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The microstructural changes observed in this study denote u critical relation
betwoon the scale and subscale reactions. In fact, the two processes are
condidered to bo in direct conflict with cach other with the final scale/
subscale morphology controlled hy thermodynamic factors. Tho affinities of
the various constitueuts present in these alloys for oxygon and nitrogon at
1800°F are compilod in Table XXXXII(*®), Thermodynamically, the competitive
oxidation reaction cun be simply exprossed as

A0k + D ™ BOx + A
for which:

- ° 4+ RT 1p 3BQx %A
AFp = AFp® + n aA0x OB

Since tho oxide rctivities cun be assumed unity, the froo encrgy change at
a speolfic temperatine is dopendent upon the affinity of each cloment for
oxygen and thelr corresponding activitles in the ulloy. Thus, anlthough the
concentration* (activity) of a specific clement may be relabivoly low, its
high affinity for oxygen may be sufficient to cause profercntial oxide
formntion, The same i1 ulso true for cloments with relatively low affinitiloes
for oxygen but high activitics ir tho alloy. The oxide which 1s most
Lhermodynumicnlly favored will form first and oxist us tho surface oxide.
Eloments with lower concentrations but high affinitios for oxygon will

then oxldize internally Lf tho docomposition »f tha surface oxide at the
oxide/metul interfuce yiclds o higher partial prossure of oxygen than the
dissociation pressura of the internal oxido belng formud,

Speolfic examples ol the critical naturo of this scale/subscale roaction
process have been demonstcrated durlng this fuvostigation, In the alloys
studled, the elemonts most crivical in the scale/subscalo competition are

Cr, AL, and to u lesser oXxtent, TL. During the oxidm. ion of IN-100 (10,0

Cr, H.8 AL, and 4.u TL) the relatively low activity of Cr and the bigh
combined activitios of Al and Ti resulted in tho Incorporntion of tho latter
cloments as subscale., No anternal oadlditlon resulted because the digsoctiantion
prosgures of Al 0y und TiQ, woerce loss than any other oxide that could form,

In fact, the high Ti contunt of the suboxlde is considered responsible for

the observed inferior oxidation behavior. 8SM-200 (1D Cr, 4.4 Al, and 2,0 TR)
on the otoer hand, displayed tho same relative Cr activity ay IN=-10)) hut lowor

TTTWIE 18 assumod for tho sako of Lhis discussion that concentration and

netivity are synonymous
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TABLE XLII

THERMODYNAMIC PROPERTIES OF THE OXIDES AND NITRIDES AT 1B00“F

Oxide

Element ngiz_ ;TE?
Al -207 Alg Oy 1073
Ti -177 Ti0, 10-2%
si -161 s10, 10728
cr -135 Crg 05 10722
Mo -102 MoO, 2 x 10718
Fe - 83.5 Fey0 3 x 107%°
Co - 72.5 Co0 2 x 10718
Ni - 66.9 NiO 2 x 10742

Spinel -100®) nicryo, 4 x 1025

(1)

Nitride
r'e . p(D)
-89.1 AN 3 x 10718
-94.6 TN 4 X 1077
-32,0  8i,N, 3 x 10°°
-19.5  Cr,N 4 x 107¢

Unstable

Unstable

Unstable

Unstable

Unstable

Free energy cf formation per mole of oxygen or nitrogen in K cal

(b)

(c)

Estimated from data on FeCrgO,

Dissociation pressure in atmospheres
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Al and particularly Ti activities. Therefore, during low-temperature oxidation
(1600°F) where the Al was still tied up as y', the thermodynamic activity
was too low for scale formation and CryO, scale formation and Al;Q; internal
oxidation existed., At higher temperatures the effective activity of Al was
increased sufficiently (due to y' dissolution and increased diffusion) to
form an Al-rich oxide, The result was elimination of internal oxidation

and Al subscale formation. The Al and Ti activities in U~-700 (15 Cr, 4 Al,
and 3.6 Ti) would be similar to those in SM-200 but the Cr activity was
higher. The higher Cr activity actually favored the formation of Cr-base
oxides and essentially increased the temperature range at which internal
oxidation and Al suboxide formation would persist, The influence of high

Cr activity was also demonstrated by René 41 (19 Cr, 1.4 A1, 3 T1) in which
Cry0; oxide scale predominated at all temperatures. This naturally resulted
in excessive amounts of internal oxidation.

In view of present findings, it may be possible to thermodynamically design
alloys with greater surface stability. Unfortunately, much of the required
data for this type of deslgn is lacking, particularly those pertaining to

Al and Ti activities. Also, the Al activity as a function of temperature
would probably differ for each superalloy due to differences in the y'
stability and Al diffusion., However, since Al-base oxides are inherently more
stable than those based on Cr, oxidation resistance can be improved by increasing
the Al1/Cr ratin. Increasing the Al level would, of course, increase the Al/Cr
ratio at the expense of ductility. Decreasing the Cr while maintaining the
usually high Al level content should produce the same net effect with no

loss in ductility. Hence, alloys with lower Cr (6 to 9 w/o) and high Al

(4 to 6 w/0) contents are suggestud to increase surface stability. This
should not cause unfavorable alloy properties,

In a practical sense, all the alloys studied, with the exception of René Y,
displayed similar oxidation resistance and, in general, the same undesirable
features, The major factors which contribute to increase oxidation and
therefore most likely to reduce component life and reliability in turbine
applications are:

Oxide spalling

Excessive localized intergranular Oxidation

Oxide volatilization
During cooling of isothermal oxidation test specimens from temperatures of
1800°F or greater, spalling of the surface oxide was always observed for

IN-100, SM-200, and Inco 713C when the oxygen uptake exceeded 1,7, 1,5, and
1.0 mg/cmﬁ, respectively. Considering that a weight gain of 1.0 mg/cm’a
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constitutes only approximately 1.0 X 10% 1n./side of metal consumed, the
effect of spalling at first appears insignificant. However, during exposure

of these materials under service conditions, oxide spalling would be enhanced
by the cyclic temperatures and "thermal fatigue' conditions which would prevail.
Since spalling of the surface oxide scale causes the material to resume oxida-
tion at the usually faster initial rate, considerable metal can be consumod

by this mechanism. The load~bearing capacity and consequently service life

or re:iability will thus be impaired. The potential severity of cyclic
temperature on the scale adherence and subsequent metal consumption for IN-100
and Inco 713C was illustrated by the comparative results of isothermal and
cyclic oxidation tests. As indicated in these studies, thermal cycling-induced
spalling can produce excessive material degradation in these cast alloys as
compared to René Y, which is notably immune,

Th> spalling tendencles displayed by the cast alloys are attributed to the
nature and morphologv of the oxides formed Juring oxidation. As 1llustrated,
the scaling and subscaling processes which occur during the exposure of theso
alloys are complex, Jeading to the formation of a heterogeneous mixture of
oxides which results in spalling. The most obviocus and ideal solution to this
problem of excessive :palling involves the formation of a single-phase tenacious
oxlde scale which possesses compatibllity with the base metal. This can be
attained theoretically through control of the competition which exists between
scale and subscale reactions by the addition of elements which increase the
effective activity of desirable constltuents, such as aluminum, for their
eventual incorporation into the surface oxide. The rare earth elements, which
are less noble than any element present in these superalloys, could be used

for sacrificial internal oxidation and in the process increase the concentration
of otherwise subscale components into the surface scale. Although theoretically
feasible, this approach may not offer any significant advantage in practice

due to the localized segregation which exists in these cast alloys.

The metallographic examination of IN-100, SM-200, and Inco 713C subsequent to
oxidation testing above 1600°F revealed the presence of massive localized
intergranular oxidation whose severity varied with alloy and exposure. A
ranking of alloys would indicate IN-100 the most susceptible to this form of
attack, and Inco 713C and SM-200 equally susceptible, but less than IN-100,
Strength under fatigue loading, where failure is very surface sensitive, is
reduced by the metallurgical notch effect produced by this type continuous
grain boundary oxide. If, however, the internal oxides formed a fine
particulate, non-continuous layer of oxides, they may, in fact, produce a
dispersion strengthening effect, The uniform y' dissolution region usually
associated with the fine I,0. region, may also be beneficial, Without this
ralatively ductile layer, low in solute and usually free of second phase, the
internal reaction products could produce higher stress concentrations,
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The cause of the undesirable intergranular oxide formation is attributed

to the segregation of strong oxide formers, particularly titanium. It is
possible to minimize this type of internal axidation by small additions

of elements less noble than titanium or aluminum, which could be finely
dispersed to serve as preferred elements in the competition for internal
oxidation formation. This could theoretically increase the effective

activity of the titanium and aluminum sufficiently to prevent the formation

of 1.3.0, to allow their inclusion in the surface oxlde. Among the few elements
which are less noble than titanium or aluminum are the rare earths and the
Group IIIB metals.

buring the isothermal oxidation testing of these alloys at 2000°F, all alloys

with the exception of René Y displayed some degree of oxide vaporization.

However, during oxidation in high velocity (75 ft/sec), natural gas combustion

products, oxide volatility was markedly accelerated, This effect can be con- ;
sidered =omewhat analogous to that produced by spalling with gimilar consequences :
to the material., Although volatilization does not produce more rapid oxidation

by fresh motal exposure as in the case of spalling, evidence indicates that in

the process the protective constituents, namely Cr;O;, are removed from the

scale ylelding a less protective oxide, u higher oxidation rate, and a

resultant increasc in metal consumption. The extent of volatilization has

been shown to be proportional to the amount of chromium-rich oxides in the scole

with the exception of René Y. The amount of metal loss also increases with

increasing Cr;0, content or the amount of chromium-rich oxides in the surface

scale, The lock of volatilization from oxide scales formed on René Y, which

results in superior resistance to high velocity gas flow, 1s attributed to

the formation of a protective surface layer of La=induced MnCr,0, spinel.

Oxide volatilization can therefore be minimized by the formation of either
surface oxide: with a minimal chromium content or protective chromium-bearing
spinels such as MnCr?04. Here again, as indicated for the other detrimental
factors, "rire earth’ additions may provide the solution to this problem )
by altering the dominant oxidation mode, ylelding more stable oxldation
products., The lower dissociation pressure of these newly formed surface
oxides, such as those based on Al;0,, would greatly enhance the surface
stabllity of the alloy.

The marked improvement in oxidation behavior previded by minor additions

of La and Mn to Hastclloy X (Rene Y) affords an excellent example of the
benefit to bhe derived using minor element additions. 1In this alloy the
addition of La apparently alters the scaling process by decreasing the
effective N1 activity in the oxide and subsequently increasing the Cr and Mn
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activities to produce a protective manganese chromate spinel oxide. This
gpinel phase displays a high resistance to volatilization. The La addition
also produces greater scale adherence by concentrating et the grain boundary
cusps formed at the oxide/metal interface producing an oxide which apparently
reduces the interfacial stresses. In alloys with relatively high aluminum
concentration (4 to 7¥/p) an v Cr content (5=-13W/y) surface oxides

of aluminum wnuld probably be enhanced ylelding a tenacious oxide,

In summary, it may be possible to minimize the deficiencies pointed out
above by major alloying modificmtions. However, applying this approach to
the complex high strength alloys would undoubtedly alter the already critical
structural stability and hence mechanical propert.es of the base alloy which
in turn would require a major alloy development effqrt to avoid adverse
effects while improving surface stability. The Rene Y modifications offer

a promising technique for improving surface stability without major property
changes, This has been accomplished by the addition of small quantities

of the "rare earth" Lype elemenis aund manganese. The suggested approach
toward increasing surface stability is particularly attractive since these
additions not only appear to promote the effectiveness of major alloying
clements already present in the alloy by producing protective oxide scales,
but the amount of addition required is usually small enough to have an
insignificant effect on mechanicul properties.
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TABLE X-A

CONTINUOUS WEIGHT-GAIN OXILATION TEST DATA AT 1800°F IN GRIT BLAST CONDITION
Weight Gain/Area (mg/cnf)

Time . Inco 713C U=700% IN-100
Min. (#38) #37) #35 (#38)
. 1 0.003 0.008 - 0.010
¢ 3 0.010 0,011 0.010  0.020
¢ 5 0.017 0.021 0.021 0,030
4 10 0.031 0.037 0.036  0.050
; 15 0.046 - 0.051 0,060
. _ 20 0,083 0.069 0.087 0,070
' 30 0.072 0.080 0.082 0,100
L 40 0,087 0.102 0.718 0,120
] | 60 0.111 0.128 0.164  0.160
: 80 0.128 0.160 0.208  0.200
% 100 0. 144 0.182 0.247  0.230
v 120 0.154 0.192 0.277  0.260
4 180 0.164 0.214 0.318  0.300
& 180 0.175 0.238 0.360 0,340
o 240 0,190 0.273 0.431  0.420
i ' 300 0.200 0,326 0.503  0.300
N 360 0.211 0.374 0.555  0.580
420 0.218 0.412 0.601  0.610
480 0.221 0.444 0.857 0,640
540 0.231 0.460 0.699  0.700
600 0.252 0.486 0.740  0.730
720 0.252 0.518 0.822 0,800
840 0.263 0.581 0.804  0.840
, 960 0.272 0.567 0.876  0.890
. 1200 0.303 0.583 1.217  0.970

-

- 1500 0.334 0.631 1.541 1,040
{ 1800 0. 365 0.663 1.746  1.100
. 2400 0.421 0.706 2.085 1.210
¢ 3000 0.452 0.748 2.466 1,320
: 3800 0.438 0.786 2.835  1.430
4200 0.411 0.828 3.082  1.630
4800 0.334 0.866 3.339  1.800
5400 0.349 0.808 3.688 2,040

8pecimen Surface
Area (cnf) 09,7380 9.3510 9.7340 9.7270
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